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Executive summary

Executive summary

Key messages

• All of the key findings from the 2012 European Environment Agency (EEA) report on climate change,
impacts and vulnerability in Europe are still valid.
• Climate change is continuing globally and in Europe. Land and sea temperatures are increasing; precipitation
patterns are changing, generally making wet regions in Europe wetter, particularly in winter, and dry regions drier,
particularly in summer; sea ice extent, glacier volume and snow cover are decreasing; sea levels are rising; and
climate-related extremes such as heat waves, heavy precipitation and droughts are increasing in frequency and
intensity in many regions.
• New record levels of some climatic variables have been established in recent years, notably global and
European temperature in 2014 and again in 2015, global sea level in 2015 and winter Arctic sea ice extent in 2016.
Some climatic changes have accelerated in recent decades, such as global sea level rise and the decline of the
polar ice sheets.
• Global climate change has substantially increased the probability of various recent extreme weather and
climate events in Europe. The reliability of this finding has been strengthened by recent progress in extreme
weather attribution techniques.
• The observed changes in climate are already having wide-ranging impacts on ecosystems, economic
sectors and human health and well-being in Europe. Recent studies show that various observed changes in
the environment and society, such as changes in forest species, the establishment of invasive alien species and
disease outbreaks, have been caused or enhanced by global climate change.
• Ecosystems and protected areas are under pressure from climate change and other stressors, such as
land use change. The observed impacts of climate change are a threat to biodiversity in Europe, but they
also affect forestry, fishery, agriculture and human health. In response to climate change, many land-based
animal and plant species are changing their life cycles and are migrating northwards and to higher altitudes; regional
extinctions have been observed; various invasive alien species have established themselves or have expanded their
range; and various marine species, including commercially important fish stocks, are migrating northwards.
• Most impacts of climate change across Europe have been adverse, although some impacts have been
beneficial. The rise in sea level has increased flood risks and contributed to erosion along European coasts. The
observed increase in heat waves has had significant effects on human health, in particular in cities. Heat waves
are also increasing the risk of electricity blackouts and forest fires. Transport and tourism have also been affected
by climate change, with large regional differences. Examples of beneficial impacts of climate change include a
decrease in heating demand and some benefits to agriculture in northern Europe.
• Climate change will continue for many decades to come, having further impacts on ecosystems and
society. Improved climate projections provide further evidence that future climate change will increase
climate‑related extremes (e.g. heat waves, heavy precipitation, droughts, top wind speeds and storm surges) in
many European regions.
• The magnitude of future climate change and its impacts from the middle of the century onwards depend
on the effectiveness of global climate mitigation efforts. The magnitude of climate change and its impacts can
be substantially reduced by an ambitious global mitigation policy compatible with the mitigation goal of the 2015
Paris Agreement under the United Nations Framework Convention on Climate Change (UNFCCC) of keeping the
increase in global average temperature to well below 2 °C above pre-industrial levels.
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Executive summary

Key messages (cont.)

• Future climate change will interact with other socio-economic developments, including the ageing of the
population and increasing urbanisation across Europe, projected decreases in population size in eastern Europe,
and a narrowing economic gap between eastern and western parts of Europe. The water sector, agriculture,
forestry and biodiversity show strong interdependencies, and are also related to changing land-use patterns
and population change.
• Climate change is affecting all regions in Europe, but the impacts are not uniform. South-eastern and
southern Europe are projected to be hotspot regions, having the highest numbers of severely affected sectors
and domains. Coastal areas and floodplains in the western parts of Europe are also multi-sectoral hotspots. The
Alps and the Iberian Peninsula are additional hotspots for ecosystems and their services. Ecosystems and human
activities in the Arctic will be strongly affected owing to the particularly fast increase in air and sea temperatures
and the associated melting of land and sea ice.
• Economic costs can potentially be high, even for modest levels of climate change, and these costs rise
significantly for scenarios of greater levels of warming. The projected damage costs from climate change are
highest in southern Europe. However, estimates of the projected economic impacts of climate change in Europe
consider only some sectors and show considerable uncertainty.
• Europe is vulnerable to climate change impacts outside Europe through six major pathways: the trade of
agricultural commodities, the trade of non-agricultural commodities, infrastructure and transport, geopolitics and
security risks, human mobility related to migration and finance. The strongest evidence for Europe's vulnerability
to cross‑-border impacts are the economic effects seen as a result of climate-related global price volatilities and
disruptions to transportation networks. The Mediterranean area is most vulnerable to shocks in the flow of
agricultural commodities, while small, open and highly developed European economies are particularly vulnerable
to shocks in the flow of non-agricultural commodities. European vulnerability to cross-border effects is
expected to increase in the coming decades, but quantitative projections are not available.
• Climate change adaptation strategies, policies and actions, including the mainstreaming of them into
other policies, are progressing at all governance levels (European Union (EU), transnational, national and local
levels). Further actions could include enhancing policy coherence across EU environmental and sectoral policies;
effective and efficient action across all levels of governance, through multi-level governance and transnational
cooperation platforms; enhancing flexible 'adaptive management' approaches; combining technological
solutions, ecosystem-based approaches and 'soft' measures; involving the private sector; and more emphasis on
'transformational' adaptation actions as a complement to 'incremental' adaptation.
• The knowledge base regarding climate change impacts, vulnerability, risk and adaptation assessments in
Europe could be enhanced, e.g. through improved monitoring and reporting of climate-related extremes and
the associated damage, enhanced national and sectoral assessments and their reporting, and further monitoring,
reporting and evaluation of adaptation actions at the national level. More knowledge would also be useful
on the costs and benefits of adaptation options and on interdependencies, synergies and trade-offs between
adaptation policies and other policies and actions. The use of European, transnational and national climate change
and adaptation services by stakeholders could be further improved. The European Commission's 'adaptation
preparedness scoreboard', which assesses the progress of Member States using process-based indicators (and
is due to be published in 2017 as part of its report on the EU Adaptation Strategy), could be complemented by
quantitative information. The indicators of the Sendai Framework for Disaster Risk Reduction (which are to be
agreed by the end of 2016) for weather- and climate-related hazards are expected to be relevant for climate
change adaptation. EU-funded and national research can address adaptation knowledge gaps and stimulate
innovation.
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ES.1 Introduction
The climate is changing globally and in Europe. The
Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2013) concluded
that the warming since the mid‑20th century has
predominantly been due to greenhouse gas emissions
from human activities, in particular the combustion of
fossil fuels, agriculture and other changes in land use.
There is a need to reduce global greenhouse gas
emissions substantially to avoid the most adverse
impacts of climate change. However, even with
substantial reductions in greenhouse gas emissions,
the climate will continue to change, and the impacts
will be felt across the world, including in Europe.
Climate change is having a variety of impacts on our
health, ecosystems and economy, often in interaction
with other factors such as land‑use changes. These
impacts are likely to become more severe in the
coming decades. If not addressed, these impacts
could prove very costly, in terms of ill health, adverse
effects on ecosystems and damaged property and
infrastructure, and some impacts may be irreversible.
As mitigation cannot prevent all of the impacts of
climate change, there is also a need to adapt to our
changing climate.
This report presents a largely indicator‑based
assessment of past and projected climate change,
impacts and the associated vulnerabilities of and risks
to ecosystems, human health and society in Europe,
based on a wide range of observations and model
simulations. It identifies regions that are experiencing
particularly severe climate change impacts. The report
also shows how Europe is vulnerable to climate change
impacts outside Europe. The principal sources of
uncertainty for the indicators and modelling results
are discussed and, where appropriate, reflected in the
assessments and key messages of all indicators.
The report summarises key adaptation policy
developments at European, transnational and national
levels and highlights the need for further adaptation
actions. Furthermore, the report notes how monitoring,
information sharing and research can improve the
knowledge base for adaptation.
This report is part of a series of European Environment
Agency (EEA) reports, prepared in collaboration with
other organisations, and to date has been published
at four‑year intervals. Publishing this report at
this frequency serves the policy need for a regular
comprehensive European‑wide assessment and allows
new scientific knowledge accumulated over that period
to be included. In particular, the report aims to support
the implementation and review process of the 2013
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European Union (EU) Adaptation Strategy (EC, 2013)
foreseen for 2018.
This report compiles information from a wide variety
of data and information sources. It builds on, among
others, the IPCC Fifth Assessment Report, but a
substantial amount of information that became
available afterwards has also been included. Major new
information that has become available since the 2012
EEA report on climate change, impacts and vulnerability
in Europe (EEA, 2012) is highlighted in this summary.
The indicators included in this report are based on
many different information sources. As a result, they
cover different past and future time periods, and
information is presented at different levels of regional
aggregation.

ES.2 Policy context
Adaptation policies aimed at limiting the adverse
impacts of climate change interact with many other
policies, such as broader environmental, climate
change mitigation and disaster risk reduction policies.
This section gives an overview of relevant policies at
different governance levels.

Global policies
In December 2015, the member countries of the
United Nations Framework Convention on Climate
Change (UNFCCC) adopted the Paris Agreement, which
includes the long‑term goals of keeping the increase in
global average temperature to well below 2 °C above
pre‑industrial levels and of pursuing efforts to limit
the increase to 1.5 °C above pre‑industrial levels, since
this would significantly reduce risks and the impacts
of climate change (UNFCCC, 2015). Countries also
agreed on the need for global emissions to peak as
soon as possible, recognising that this will take longer
for developing countries, and the need to undertake
rapid reductions thereafter in accordance with the best
available science. However, the combined emissions
reduction foreseen under currently available national
climate action plans is not enough to keep global
warming below 2 °C; in fact the current plans may lead
to an increase of 3 °C or more (UNEP, 2015). Subsequent
meetings of the UNFCCC aim to address this gap.
Within the Paris Agreement, countries also established
an adaptation goal of 'enhancing adaptive capacity,
strengthening resilience and reducing vulnerability to
climate change', and an aim to strengthen societies'
ability to deal with the impacts of climate change, to
engage in national adaptation planning processes and to
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provide continued and enhanced international support
for adaptation to developing countries.
Climate change action has increasingly become an
integrated part of economic analyses and a prominent
element of risk assessments by public and private
bodies. For example, the most recent Global Risks
Report of the World Economic Forum (WEF, 2016)
indicates that the most impactful risk (i.e. the risk
with the greatest potential damage) for the years to
come is a failure in climate change mitigation and
adaptation.
In 2015, the Sendai Framework for Disaster Risk
Reduction was adopted (UN, 2015a). It is a voluntary
agreement that includes four priorities for action:
understanding disaster risk, strengthening disaster
risk governance to manage disaster risk, investing in
disaster risk reduction for resilience and enhancing
disaster preparedness. The framework acknowledges
climate change as one of the drivers of disaster risk.
An important element is alignment with the other
post‑2015 international agendas on climate change
(UNFCCC, 2015) and on sustainable development (UN,
2015b). The 2030 agenda for sustainable development
has 17 overarching sustainable development goals and
within each is a range of targets, and the challenges
to address the effects of climate change are explicitly
acknowledged.

EU 7th Environment Action Programme
In the 7th Environment Action Programme (EAP),
'Living well, within the limits of our planet' (EU, 2013b),
the EU formulates a vision of the future up to 2050:
a low‑carbon society, a green, circular economy and
resilient ecosystems as the basis for citizens' well‑being.
Achieving this 2050 vision requires a focus on actions in
three key areas:
•

protecting the natural capital that supports economic
prosperity and human well‑being;

•

stimulating resource‑efficient, low‑carbon economic
and social development; and

•

safeguarding people from environmental health
risks.

The 7th EAP mentions explicitly that action to mitigate
and adapt to climate change will increase the resilience
of the EU's economy and society, while stimulating
innovation and protecting the EU's natural resources.
According to the EEA report The European environment —
state and outlook 2015 (SOER 2015), the implementation

of environment and climate policies during the last
40 years has delivered substantial benefits for the
functioning of Europe's ecosystems and for the health
and living standards of its citizens (EEA, 2015b).
Reduced pollution, nature protection and better waste
management have all contributed to this. However,
the SOER 2015 also highlights that substantial
challenges remain in each of the above‑mentioned
three areas.
Europe's natural capital is not yet being protected,
conserved or enhanced sufficiently. The loss of soil
functions, land degradation and climate change remain
major concerns. Europe is not on track to meet its
overall target of halting biodiversity loss by 2020.
Looking ahead, climate change impacts are projected to
intensify, and the underlying drivers of biodiversity loss
are expected to persist.
Regarding resource efficiency and the low-carbon
society, EU greenhouse gas emissions have decreased
since 1990, despite an increase in economic output.
Other environmental pressures have also been
decoupled in absolute terms from economic growth.
Fossil fuel use has declined, as have emissions of some
pollutants from transport and industry. However, the
greenhouse gas emissions reductions projected under
current policies are insufficient to bring the EU onto a
pathway in line with its 2050 target.
Environment and climate change issues are
characterised by many systemic factors, including
feedbacks, interdependencies and lock‑ins in
environmental and socio‑economic systems;
unsustainable systems of production and consumption;
and increasingly globalised environmental drivers,
trends and impacts. Relevant global megatrends
include diverging global population trends; a change
towards a more urban world; changing disease
burdens and risks of pandemics; accelerating
technological change; decreasing economic growth;
an increasingly multi‑polar world; intensified global
competition for resources; increasing environmental
pollution; diversifying approaches to governance; and
increasingly severe consequences of climate change
(SOER 2015: EEA, 2015c).
Transforming key systems such as the transport,
energy, housing and food systems will be needed to
achieve the 7th EAP vision for 2050.
Climate change impacts may hamper the achievement
of the 2050 vision for Europe set out in the 7th EAP
and, on a global level, the realisation of the sustainable
development goals. Therefore, climate change and its
impacts should be assessed in conjunction with the
above‑mentioned factors.
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EU climate policy
EU climate change mitigation policy aims to put the EU
on track towards a low‑carbon economy and to reduce
EU greenhouse gas emissions by 80 to 95 % by 2050.
The EU is on track towards its 2020 climate targets (EEA,
2015d), but to achieve the longer term goals of the EU
for 2030 and 2050 new policies and a more fundamental
change are needed in the way the EU produces and uses
energy, goods and services.
The 7th EAP calls for decisive progress to be made
in adapting to climate change to make Europe more
climate‑resilient. In 2013, the European Commission
adopted the communication 'An EU Strategy on
adaptation to climate change' (EC, 2013), which
encourages all Member States to adopt comprehensive
adaptation strategies; promotes action in cities (through
the Covenant of Mayors for Climate and Energy); aims
to mainstream adaptation into relevant EU policies
and programmes; provides funding for adaptation
actions; and enhances research and information
sharing (e.g. through the European climate adaptation
platform Climate‑ADAPT). In 2018, the Commission
will present the evaluation of the EU Strategy and will
propose a review, if needed. The report will assess
the progress made by Member States, including an
adaptation preparedness scoreboard, the progress in
mainstreaming at the EU level, and new knowledge and
policy demands.
The European Multiannual Financial Framework
(2014–2020) includes the objective that a minimum of
20 % of the EU budget contributes to climate‑related
expenditure (including adaptation). Initial analysis shows
that this objective will be achieved, but its effectiveness
in terms of enhanced resilience and reduced
greenhouse gas emissions is yet to be evaluated.
Mainstreaming requires that climate change adaptation
is taken into account in implementing EU policies
and legislation. Mainstreaming has been increasingly
covered in guidance documents and legal texts since
2013. Examples include the EU's Civil Protection
legislation (EU, 2013a), which aims to develop a more
resilient European society. Since 2015, Member States
have had to report on their risk assessments and
risk management capabilities, including climate‑ and
weather‑related risks, to the European Commission
every three years. An analysis of this information by the
Commission is expected by the end of 2016. Guidance
under the Water Framework Directive required Member
States to present river basin management plans by
December 2015, and guidance under the Floods
Directive required Member States to establish flood
risk management plans and to report these by March
2016. The extent to which climate change adaptation
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was taken into account in these plans has not yet been
assessed. Other key EU policies in which adaptation
mainstreaming has taken place, to varying degrees,
include the EU Biodiversity Strategy, the Marine Strategy
Framework Directive, the Habitats Directive, the Birds
Directive, the nature protection network Natura2000, the
invasive species regulation and regulations addressing
environmental sectors such as agriculture and forestry.
A recent review of the EU biodiversity policy in the
context of climate change has identified a number of
policy gaps: conservation targets need to better match
conservation needs; targets need to be set in a spatially
coherent manner across national scales; and current
monitoring appears insufficient to address these gaps.

National and transnational adaptation policies in Europe
There has been a steady increase over the last five
years in national adaptation strategies and plans. By
September 2016, 23 EEA member countries (of which
20 are EU Member States) had adopted a national
adaptation strategy and 12 (of which nine are Member
States) had developed a national adaptation plan. Most
progress regarding action plans has been reported
for freshwater management, flood risk management,
agriculture and forestry, with a focus on mainstreaming
adaptation in these national sectoral policy areas.
Several countries have also developed national health
strategies and action plans. Only a few EEA member
countries have started to monitor and report on their
progress in adaptation strategies, policies and actions
at the national level, and even fewer have started an
evaluation of their effectiveness (EEA, 2015a).
Transnational cooperation (e.g. on strategies and on
knowledge sharing) in adaptation to climate change
has increased, with the importance of adaptation as a
cross‑cutting policy area being recognised. Adaptation
actions take place, for example, within the EU strategies
for the Baltic Sea region and the Alpine region, the
Danube and Rhine Commissions, the Carpathian
and Alpine conventions, the Working Community of
the Pyrenees and the Mediterranean Action Plan/
Barcelona Convention. Transnational adaptation action
is often linked to the sharing of natural resources,
such as transboundary water catchments or terrestrial
ecosystems.

ES.3 Climate change and its impacts
This section gives an overview of the observed and
projected changes in the climate system and in
climate‑sensitive environmental systems and social
domains. The degree of certainty related to specific
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observations and projections and the importance of
non‑climatic factors differ substantially across domains
and indicators. More detailed quantitative information,
including a discussion of relevant uncertainties, is
available in the main part of this report.

Climate system
The average concentration of CO2 in the atmosphere in
2016 reached 400 parts per million (ppm), which is about
40 % higher than the pre‑industrial level.
The global average annual near‑surface temperature
in the decade 2006–2015 was 0.83 to 0.89 °C higher
than the pre‑industrial average (mid‑ to the end of
the 19th century). Globally, 2015 was the warmest
year on record, namely about 1 °C warmer than the
pre‑industrial temperature. The IPCC Fifth Assessment
Report concluded that 'It is extremely likely that human
influence has been the dominant cause of the observed
warming since the mid‑20th century' (IPCC, 2013).
For most emissions scenarios, global average
temperature is projected to exceed 2 °C above
pre‑industrial levels (the upper limit according to the
Paris Agreement under the UNFCCC) by 2050. Even if
anthropogenic greenhouse gas emissions were to fall to
zero in the very near future, the climate would continue
to change for many decades, and sea level would
continue to rise for many centuries.
European land temperatures in the decade 2006–2015
were around 1.5 °C warmer than the pre‑industrial
level, and they are projected to continue increasing by
more than the global average temperature increase.
Europe has experienced several extreme summer heat
waves since 2003, which have led to high mortality and
economic impacts. Heat waves of a similar or larger
magnitude are projected to occur as often as every two
years in the second half of the 21st century under a
high emissions scenario. The impacts will be particularly
strong in southern Europe.
Precipitation has increased in most of northern Europe,
in particular in winter, and has decreased in most of
southern Europe, in particular in summer. The projected
changes in precipitation show the same pattern of
regional and seasonal changes. Heavy precipitation
events have increased in several regions in Europe
over recent decades, in particular in northern and
north‑eastern Europe. Heavy precipitation events are
projected to become more frequent in most parts of
Europe, in particular in winter.
Recent progress in the attribution of extreme weather
to specific causes has facilitated many studies, which

showed that the probability of occurrence of various
recent heat waves and other damaging extreme weather
and climate events in Europe has substantially increased
as a consequence of anthropogenic climate change.
Observations of wind storm location, frequency and
intensity show considerable variability. Most studies
agree that the risk of severe winter storms, and possibly
of severe autumn storms, will increase in the future
for the North Atlantic and northern, north‑western and
central Europe.
The number of hail events is highest in mountainous
areas and the pre‑Alpine regions. Despite improvements
in data availability, trends and projections of hail events
are still uncertain.
Observations show a shrinking and thinning of Arctic
sea ice, a decrease of snow cover, a shrinking of glaciers
and increased melting of the large polar ice sheets
in Greenland and Antarctica. It is estimated that the
melting of the polar ice sheets will contribute up to
50 cm to global sea level rise during the 21st century.
The nine lowest Arctic sea ice minima since records
began in 1979 have been the September ice cover in
each of the last nine years (2007–2015), and the annual
maximum ice cover in March 2015 and March 2016 were
the lowest on record. The ice is also getting thinner. For
high emissions scenarios, a nearly ice‑free Arctic Ocean
in September is likely before the middle of the 21st
century, but there will still be substantial ice in winter.
The vast majority of glaciers in the European glacial
regions are in retreat. Glaciers in the European Alps have
lost approximately half of their volume since 1900, with
clear acceleration since the 1980s. Glacier retreat affects
freshwater supply and run‑off regimes, river navigation,
irrigation and power generation and may lead to natural
hazards and damage to infrastructure.
Snow cover extent in the northern hemisphere has
declined significantly since the 1920s, with most of the
reductions occurring since 1980.
Further reductions of the cryosphere are projected for
the future. The melting of ice and snow and the thawing
of permafrost soil cause positive feedbacks that can
accelerate climate change further.

Ecosystems and their services
Ecosystems globally and in Europe are under five major
pressures (Millennium Ecosystem Assessment, 2005;
EEA, 2016a): habitat change (e.g. land and sea take,
urban sprawl, fragmentation and land abandonment);
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dispersal of invasive alien species; exploitation and
management (e.g. land‑use change and intensification,
unsustainable agriculture and forestry, natural
resource consumption); pollution and nutrient
enrichment (e.g. atmospheric deposition, fertiliser and
pesticide use, irrigation and acidification) and climate
change.
Climate change significantly affects ecosystems, their
biodiversity and consequently their capacity to provide
services for human well‑being; it may already have
triggered shifts in ecological regimes from one state to
another. Climate change also increasingly exacerbates
the impact of other human stressors, especially in
natural and semi‑natural ecosystems.
The knowledge about the combined effects of climate
change and other pressures on ecosystems and their
capacity to provide services is improving. The relative
importance of climate change as a major driver of
biodiversity and ecosystem change is projected to
increase further in the future, depending on the
environmental domain (terrestrial, freshwater or
marine) and geographical region.

Oceans, the marine environment and coastal zones
Key observed changes in the ocean are acidification,
increased ocean heat content and increased sea
surface temperature, and sea level rise. Changes in
temperature cause significant shifts in the distribution
of marine species towards the poles, but also in
depth distribution. For example, a major northwards
expansion of warmer water plankton in the North‑east
Atlantic and a northwards retreat of colder water
plankton have been observed, which seems to have
accelerated since 2000. Sub‑tropical species are
occurring with increasing frequency in Europe's seas,
and sub‑Arctic species are moving northwards. Wild
fish stocks are changing their distribution, which can
have impacts on local communities that depend on
those fish stocks.
Oxygen‑depleted zones in the Baltic Sea and in
other European seas have substantially increased.
The primary cause of oxygen depletion is nutrient
input from agricultural fertilisers, but the effects are
exacerbated by climate change.
Further changes in the distribution of marine
species, including fish stocks, are expected with the
further climate change projected. These impacts, in
combination with other anthropogenic stressors,
in particular overfishing, are projected to cause
widespread changes to marine ecosystems and their
services.
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Mean and extreme sea level have increased globally
and along most coasts in Europe. Evidence for an
acceleration in the rate of global mean sea level rise
during recent decades has increased. The IPCC Fifth
Assessment Report has projected that global mean
sea level in the 21st century will rise by 26–81 cm,
depending on the emissions scenario, and assuming
that the Antarctic ice sheet remains stable. Several
recent model‑based studies and expert assessments
have suggested an upper bound (with a probability of
5 % of being exceeded) for global mean sea level rise in
the 21st century in the range of 1.5–2.0 m. Sea level will
continue to rise for many centuries, even if greenhouse
gas emissions and temperature are stabilised.
The projected increases in extreme high coastal water
levels are primarily the result of increases in local
relative mean sea level, but increases in storm activity
can also play a substantial role, in particular along the
northern European coastline.
The projected sea level rise, possible changes in
the frequency and intensity of storm surges, and
the resulting coastal erosion are expected to cause
significant ecological damage, economic loss and other
societal problems for low‑lying coastal areas across
Europe unless additional adaptation measures are
implemented.

Freshwater systems
River flows have generally increased in winter and
decreased in summer, but with substantial regional
and seasonal variation. Climate change is an important
factor in this, but other factors, such as water
abstractions, man‑made reservoirs and land‑use
changes, also have a strong influence. Summer flows
are projected to decrease in most of Europe. Where
precipitation changes from snow to rain, spring and
summer peak river flow will shift to earlier in the
season.
The detection of a clear trend in the number and
intensity of floods in Europe is impeded by the lack of
a consistent dataset for Europe. Reporting under the
EU Floods Directive has so far improved this situation
to only a limited extent. The reported number of very
severe flood events has increased over recent decades,
but with large interannual variability. It is not currently
possible to quantify the contribution from observed
increases in heavy precipitation in parts of Europe
compared with the contribution from land‑use changes
and better reporting.
Without further action, climate change is projected to
increase the magnitude and frequency of flood events
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in large parts of Europe. Pluvial floods and flash floods,
which are triggered by intense local precipitation events,
are likely to become more frequent throughout Europe.
In regions with a projected reduced snow accumulation
during winter, the risk of spring flooding could decrease.
The severity and frequency of droughts appear to
have increased in parts of Europe, in particular in
southern Europe and south‑eastern Europe. Droughts
are projected to increase in frequency, duration and
severity in most of Europe. The strongest increase is
projected for southern Europe, where competition
between different water users, such as agriculture,
industry, tourism and households, is likely to increase.
Climate change has increased the water temperature of
rivers and lakes and has shortened seasonal ice cover.
These trends are projected to continue.
Changes in river flows and increases in water
temperature have important impacts on freshwater
ecosystems, such as changes in phenology and
in species distribution, the facilitation of species
invasions and the deterioration of water quality, for
example through enhanced algal blooms. They can
also have an impact on energy production by reducing
the availability of cooling water and by affecting
hydropower potential.

to exacerbate the problem of invasive species, as some
locations may become more favourable to previously
harmless alien species. Climate change is also affecting
the interaction of species that depend on each other. It
can thus disrupt established interactions, but it can also
generate novel ones.
14 % of habitats and 13 % of species of European
interest have already been assessed to be under
pressure because of climate change. The proportion of
habitats threatened by climate change is projected to
more than double in the near future. Many species in
the Natura2000 network are projected to lose suitable
climate niches.
Climate change and increasing CO2 concentrations are
affecting forest ecosystems and their services, as they
are causing range shifts of tree species towards higher
altitudes and latitudes, are leading to increases in the
risk of forest fires, in particular in southern Europe,
and are resulting in an increased incidence of forest
insect pests. Cold‑adapted coniferous tree species
are projected to lose large fractions of their ranges to
broadleaf species. In general, forest growth is projected
to increase in northern Europe and to decrease in
southern Europe, but with substantial regional variation.

Economic losses from extreme climate‑related events
Terrestrial ecosystems, soils and forests
Impacts of observed and projected climate change
include changes in soil conditions, phenology, species
distribution, species interactions, species composition
in communities and genetic variability. Changes
in soil moisture, such as significant decreases in
the Mediterranean region and increases in parts
of northern Europe, are having a direct effect on
terrestrial ecosystems.
Earlier spring advancement is observed in many plant
species, and the pollen season starts earlier and is
longer. Many animal groups have advanced their life
cycles, including frogs spawning, birds nesting and the
arrival of migrant birds and butterflies. The breeding
season of many thermophilic insects has lengthened.
These trends are expected to continue in the future.
Many species have changed their distribution range,
generally northwards and uphill, and these trends are
projected to continue. Species migration often lags
behind changes in climate owing to intrinsic limitations,
habitat use and fragmentation. Some local extinctions
of species have been observed. All of these factors
may contribute to a decline in European biodiversity, in
particular in mountain regions. Climate change is likely

Climate‑related extreme events accounted for almost
EUR 400 billion of economic losses in the EEA member
countries over the period 1980−2013. This accounts
for 82 % of the total reported losses due to extreme
events over this period, whereas geophysical events
such as earthquakes and volcano eruptions are
responsible for the remaining 18 %. The reported
economic losses have increased in recent decades.
This increase is due primarily to better reporting and to
socio‑economic trends, such as changes in population,
human activities and infrastructure in hazard‑prone
areas, but the observed increase in heavy precipitation
in parts of Europe may have also played a role. Future
climate change will affect the frequency and intensity
of climate‑related extremes and associated losses
differently across Europe, but most climate‑related
hazards are projected to increase across Europe.
The attribution of the observed changes in the number
of events and the associated economic losses to
specific causes is hampered by large interannual
variability of climate‑related extreme events, changes
in reporting and the implementation of measures to
reduce impacts (e.g. flood defences). Policies and
actions would be facilitated by better collection of data
concerning the economic, social and environmental
impacts of weather and climate‑related extremes.
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Human health
The main health effects of climate change are related to
extreme weather events, such as floods and heat waves,
changes in the distribution of climate‑sensitive diseases
and changes in environmental and social conditions.
River and coastal flooding has affected millions of
people in Europe in the last decade. Health effects
include drowning, injuries, infections, exposure to
chemical hazards and mental health consequences.
Heat waves have caused tens of thousands of
premature deaths in Europe since 2000. Since the
length, frequency and intensity of heat waves are
projected to increase substantially in the future,
the associated health effects are also projected to
increase in the absence of adaptation and physiological
acclimatisation. Cold‑related mortality is projected to
decrease owing to better social, economic and housing
conditions in many countries in Europe. The observed
relationship between moderate and extreme cold and
mortality is complex, and available studies for Europe
provide inconclusive evidence of whether or not the
projected warming will lead to a further substantial
decrease in cold‑related mortality.
Observations show a move to higher latitudes and
altitudes of specific tick species and their associated
vector‑borne diseases (Lyme borreliosis and tick‑borne
encephalitis). Climate change is projected to lead to
further northwards and upwards shifts of tick species.
Climate change was, and is projected to be, a factor in
the recent expansion of the Asian tiger mosquito and
a sandfly species in Europe, which can disseminate
several diseases (dengue and chikungunya by the
Asian tiger mosquito and leishmaniasis by the sandfly
species).
Recent outbreaks of vibriosis infections in Baltic Sea
states have been linked to unprecedented increases in
sea surface temperature.
Quantitative projections of future climate‑sensitive
health risks are difficult owing to the complex
relationship between climatic and non‑climatic factors,
climate‑sensitive diseases and other health outcomes,
and future adaptation measures.

Agriculture
An increase in the duration of the thermal growing
season has led to a northwards expansion of areas
suitable for several crops. Changes in crop phenology
have been observed, such as the advancement of
flowering and harvest dates in cereals.
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Recent heat waves, droughts, extreme precipitation
and hail have greatly reduced the yield of some crops.
Throughout Europe, an increased frequency of extreme
events is expected to increase the risk of crop losses
and to impose risks for livestock production.
Irrigation demand is projected to increase, in
particular in southern Europe, where there is already
considerable competition between different water
users.
Climate change is projected to improve the suitability
of northern Europe for growing crops and to reduce
crop productivity in large parts of southern Europe.
Projections based on different climate models agree on
the direction of the change, but with some variation in
its magnitude. Furthermore, effects will differ between
crop types and livestock categories, and they are
moderated by short‑ and long‑term adaptation efforts.

Energy and transport
The energy demand for heating has decreased in
northern and north-western Europe, whereas the
demand for cooling has increased in southern and
central Europe. The total energy demand in Europe is
not expected to change substantially, but significant
seasonal shifts and effects on the energy mix are
expected, with large regional differences.
Increasing temperatures, changing precipitation
patterns, increases in extreme precipitation and
possible increases in storm severity and frequency can
have an impact on both renewable and conventional
electricity energy generators. Most of the projected
impacts of climate change will be adverse. For example,
further increases in temperature and droughts may
limit the availability of cooling water for thermal power
generation in summer. However, climate change may
have some positive impacts, in particular related to
hydropower production in northern Europe.
Energy and transport infrastructures are exposed
to substantial risks from the increasing frequency
and magnitude of extreme events across Europe.
Infrastructures in mountain regions are threatened by
geological instability as a result of increased precipitation
and melting of mountain permafrost. North‑western
European countries appear to be ahead of other
countries in terms of preparedness regarding coastal
energy infrastructure.
The main climate‑related events relevant for transport
are heat waves in southern and eastern Europe,
cold spells and snow in northern Europe and heavy
precipitation and floods across all of Europe.
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Transport systems in mountain regions, coastal areas
and regions prone to more intense rain and snow are
generally expected to be most vulnerable to future
climate change. Projections suggest that rail transport
will face particularly high risks from extreme weather
events, mostly because of the projected increase in
heavy rain events and the limited routing alternatives.
However, there is no comprehensive overview of
climate‑related risks for transport across Europe
owing to widely different methodological approaches
in the currently available assessments. The impacts
projected by 2050 have been assessed and found to be
manageable, provided that proper adaptation measures
are taken.
According to a Joint Research Centre (JRC) study,
climate‑related damage to large investments and critical
infrastructures could triple by the 2020s, could increase
six‑fold by the middle of the century and could increase
by more than ten‑fold by the end of the century,
compared with the 1981–2010 baseline (Forzieri et al.,
2015). The greatest increase in damage is projected for
the energy and transport sectors, and for EU regional
investments in environment and tourism. Southern and
south‑eastern European countries will be most affected.

Tourism
Climatic suitability for summer and beach tourism
is currently best in southern Europe. The touristic
attractiveness of northern and central Europe is
projected to increase in most seasons. The suitability
of southern Europe for tourism will decline markedly
during the key summer months, but will improve in
other seasons.
The projected reductions in snow cover will negatively
affect the winter sports industry in many regions.
Regions close to the low elevation limit for winter sports
are most sensitive. Therefore, winter sport locations on
the southern slopes of the Alps are, on average, more
vulnerable than those on the northern slopes.
The projected climate change could have substantial
consequences for regions where tourism is an important

(1)

(2)

economic sector. The magnitude of the economic
impacts is strongly influenced by non‑climatic factors,
such as the ability of tourists to adjust the timing of their
holidays.

ES.4 Multi‑sectoral impacts, vulnerabilities
and risks
Summary
Table ES.1 presents an overview of past trends and
projected changes for all indicators and for some other
climate‑sensitive impact domains. The main part of the
table shows the predominating direction of observed
and projected changes for each indicator and for each
of the four main terrestrial regions and regional seas
in Europe. Different symbols have been used to reflect
situations where the direction of observed or projected
changes is not uniform across a region. Empty cells
for particular indicators and regions reflect a lack of
available information (1).
Table ES.1 clearly shows the heterogeneity of climate
change impacts across European regions and across
indicators and thematic areas. Some indicators
exhibit changes in the same direction across Europe
(e.g. temperature, absolute sea level), while others show
a clear regional pattern (e.g. mean precipitation), and still
others show a complex spatial pattern with changes in
both directions in individual regions.
The direction of past trends and projections agrees well
for most indicators/variables and regions. There are
some discrepancies, which are partly due to differences
in the consideration of non‑climatic factors for observed
and projected changes (2).
Many indicators include quantitative data on past
trends and projections for all regions; others include
data on either past trends or projections, and/or data
for selected regions only. When data availability is
insufficient for showing the direction of past and/or
projected changes for all regions, an estimate of the
direction of observed and/or projected change averaged
over Europe is presented, if possible.

The regionalisation of land areas generally follows that used in Map ES.1. However, the 'boreal' and 'Arctic' regions are merged into a
'northern' region because insufficient information was available for a separate assessment of all indicators in the Arctic region; the 'mountain'
region is not explicitly represented because it is too heterogeneous for making aggregated statements.
The information on regional changes in this table relies primarily on the maps included in the main report; complementary information in
the text was used in some cases. The aggregation of the diverse information sources in this report into the common format of Table ES.1
represents the consensus of all authors of this executive summary, which was reached after several iterations, whereby their initially
independent assessments were reviewed and made consistent.
Whenever 'observations' and 'projections' for a region agree, this is represented by a single symbol in the centre of the column rather than two
separate symbols. Information under 'observations' reflects past trends in a variable, independent of their attribution. In contrast, information
under 'projections' reflects the projected impacts of climate change (and, where relevant, increases in CO2 concentration) only; these projections
do not consider future changes in non-climatic factors or future adaptation policy. Further information on the importance of climatic versus
non‑climatic factors for a particular indicator, and some information on the scope of adaptation policy, can be found in the main report.
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Table ES.1

Key observed and projected climate change and impacts for the main regions in Europe

Direction of observed and projected climate change and impacts for the main regions in Europe
Section

Indicator/impact domain

Variable

Sensitivity Northern
to
adaptation Boreal and
policy
Arctic
Obs

3
3.2
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7
3.3
3.3.2
3.3.3
3.3.4
3.3.5
4
4.1
4.2
4.2.2

4.3
4.3.2
4.3.3
4.3.4

4.3.5
4.4
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.4.7
5
5.1
5.1.3
5.2
5.2.3
5.2.4
5.2.5
5.2.6
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Changes in the climate system
Atmosphere
Global and European
Temperature
temperature
Heat extremes
Frequency of warm
days/heat wave
magniture index
Mean precipitation
Annual precipitation
Heavy precipitation
Intensity
Wind storms
Maximum wind speed
Hail
Potential hail index
Cryosphere
Arctic and Baltic sea ice
See end of table
Greenland and Antarctic ice
Mass
sheets
Glaciers
Mass
Snow cover
Duration/amount
Climate change impacts on environmental systems
Oceans and marine environment (see end of table)
Coastal zones
Global and European sea level Absolute sea level
Relative sea level
Coastal flooding
frequency
Freshwater systems
River flows
Mean flow
(near‑natural rivers)
River floods
Frequency and
magnitude
Meteorological and
Frequency and severity
hydrological droughts
of meteorological
droughts
Minimum river flow
Water temperature
Lake and river
temperature
Terrestrial ecosystems, soil and forests
Soil moisture
Summer soil moisture
Phenology of plant and
Day of spring events
animal species
Distribution shifts of plant and Latitude and altitude
animal species
Forest composition and
Latitude and altitude
distribution
Forest fires
Area burnt
Forest fire risk index
Forest pests and diseases
Occurrence of insect
pests
Climate change impacts on society
Impacts of climate-related extremes
Economic losses from
Costs
climate‑related extremes
Human health
Floods and health
Mortality and
morbidity
Extreme temperatures
Heat-related mortality
and health
Cold-related mortality
Vector-borne diseases
People infected
Water- and food-borne
People infected
diseases
(vibriosis)

Proj

Temperate
Atlantic
Obs

Proj

Southern

Continental

Mediterranean

Obs

Obs

Proj

Proj

European
average

Obs

Proj

No
No
No
No
No
No

No
No
No

No
No
Variable

Domain
Trend
Domain
Domain
No

No
No
Domain
Domain

*

Trend
Domain
Domain

*

Trend

Variable
Trend
Variable
Trend
Trend
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Table ES.1

Key observed and projected climate change and impacts for the main regions in Europe (cont.)

Direction of observed and projected climate change and impacts for the main regions in Europe
Section

Indicator/impact domain

Variable

Sensitivity Northern
to
adaptation Boreal and
policy
Arctic
Obs

5.3
5.3.2
5.3.3
5.3.4

Agriculture
Growing season for
agricultural crops
Agrophenology
Water-limited crop yield

5.3.5
5.4
5.4.2

Crop water demand
Energy
Heating and cooling degree
days

5.4.4
5.5
5.5.2

Electricity production
Transport
Impacts of climate and weather
extremes
Tourism
Summer and beach tourism

5.6
5.6.2
5.6.3
6
6.3

Proj

Day of spring events
Average yield
Adverse climatic
conditions
Water deficit

Domain
Variable
Domain

Heating degree days
Cooling degree days
Production potential

No
No
Domain

Costs of adverse weather
events

Domain

Attractivity (summer
season)
Winter and mountain tourism
Winter sport potential
Multi-sectoral vulnerability and risks
Projected economic impacts
Welfare

3.3.2
4.1
4.1.2

Arctic and Baltic sea ice
Extent
Oceans and marine environment
Ocean acidification
Acidity

4.1.3
4.1.4
4.1.5

Ocean heat content
Heat content
Sea surface temperature
Temperature
Range shifts of marine species Latitude (migration
and immigration)
Fisheries
Catch potential
Ocean oxygen content
Number of dead zones

Legend:

Atlantic
Obs

Proj

Southern

Continental

Mediterranean

Obs

Obs

Proj

Proj

European
average

Obs

Proj

No

Duration

Domain

*

Domain
Domain
Variable
Arctic
Ocean

4.1.5
4.1.6

Temperate

Atlantic
and North
Sea

Baltic Sea

Mediterranean and
Black Sea

European
seas
average

No
No
No
No
No
Domain
Trend

												
Increase throughout most of a region
Decrease throughout most of aregion
Increase in substantial parts of a region
Decrease in substantial parts of a region
Increases as well as decreases in a region

Dominating trend in at least two-thirds,
opposing trend in less than 10 %
Trend in between one-thirds and two-thirds,
opposing trend in less than 10 %
Trends in both directions in at least 10 %

Beneficial change
Adverse change
Change classified as neither adverse
nor beneficial/small change

Only small changes

*

Notes:

The direction of change (European average) differs depending on the forest species, insect pest, disease and transport mode

Obs = observation/past trend; Proj = projection.
An arrow centred between the 'Obs' and 'Proj' columns indicates agreement between observed trends and projections.
Information refers to different time horizons, emissions scenarios and socio-economic scenarios.
Impact domains in italics are not presented in indicator format.
The Continental region comprises also the Pannonian and Steppe regions.
The Mediterranean region comprises also the Black Sea region.
The Mountain region (comprising the Alpine and Anatolian regions) is too diverse to be shown separately in this table.
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For 34 out of the 49 variables assessed, changes in a
given direction can be described as either beneficial
(green) or adverse (red). For the other 15 variables
(black), a given change can be (predominantly)
beneficial in one region and (predominantly)
adverse in another region, depending on climatic,
environmental and other factors.
Some variables exhibit changes that are either
beneficial or adverse across all or most regions; other
indicators show a more complex regional pattern of
beneficial and adverse changes. On a more aggregate
level, most sectors covered by several indicators
and/or variables exhibit both beneficial and adverse
changes in most regions (e.g. agriculture, energy and
tourism). Sectors with predominantly adverse impacts
for most regions are coastal zones and human health;
none of the sectors show predominantly beneficial
impacts of climate change.
The table also specifies whether an indicator and
variable ('sub‑indicator') are sensitive to adaptation
policies. Out of the 49 variables assessed, seven
include observed trends that are sensitive to actual
or potential adaptation policies (in a broad sense);
five further variables were assessed as being sensitive
to adaptation policies, but only information on
projections is presented here; another 15 variables
represent impact domains that are sensitive to
adaptation policies, but the particular variable is
not (e.g. because of data limitations). The remaining
22 variables are not sensitive to adaptation policies
(e.g. climate variables). Out of the seven variables
with trends that are potentially sensitive to adaptation
policies, three show trends for one out of four
regions only, and the other ones show trends
for the European average only. Thus, the current
information base is clearly insufficient for assessing
the effectiveness of adaptation policies across Europe
in any of the sectors considered here.
Map ES.1 shows examples of key observed and
projected changes in climate and their impacts for
the main biogeographic regions in Europe (3). The
inclusion of specific climatic changes and impacts
reflects a qualitative assessment of their relative
importance for the majority of a particular regions.
However, there is considerable variation within each
region, and impacts mentioned for a specific region
can also occur in other regions, where they are not
mentioned.

(3)
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Key climate change impacts and vulnerabilities in
European regions
The following text presents a selection of the
key impacts and vulnerabilities for the main
biogeographical regions in Europe. For further
information about these regions, see Map ES.1.

Arctic region (northern Europe)
The Arctic environment will, because of the faster
than average rise in air and sea temperatures,
undergo major changes, which will affect both
ecosystems and human activities. Habitats for flora
and fauna (including sea ice, tundra and permafrost
peat lands) have already been partially lost. Arctic
vegetation zones are likely to shift further, having
wide‑ranging secondary impacts. Some species of
importance to Arctic people and species of global
significance are declining. Marine ecosystem
acidification may become a serious threat, as
acidification can progress more rapidly in Arctic
oceans as a result of low temperatures and the
considerable influx of freshwater. Climate change
is the most far‑reaching and significant stressor on
Arctic biodiversity.
Indigenous people with traditional livelihoods live in
the Arctic. Many of these livelihoods depend directly
on ecosystem services, and local communities
are already experiencing climate change impacts.
Traditional livelihoods, such as reindeer herding, that
are under pressure from various socio‑economic
and political developments may suffer further from
climate change impacts.
Infrastructures are at risk from sea level rise and
thawing of Arctic permafrost, which poses challenges
to communities and to economic activities such
as forestry and mineral extraction. Conditions for
shipping across the Arctic Ocean and exploitation
of non‑renewable natural resources may become
more favourable in the future, but these new
opportunities are associated with numerous risks
for the environment. Utilising Arctic oil and natural
gas resources would challenge the transition to
a low‑carbon society, as it is recommended that
two‑thirds of known global fossil resources remain in
the ground if the 2 °C warming limit of the UNFCCC is
to be met.

The regionalisation in Map ES.1 is based on the map of biogeographical regions set up under the Convention on the Conservation of European
Wildlife and Natural Habitats (Bern Convention). The following changes were made to reflect limited data availability for some regions:
'Continental Europe' also includes the 'Pannonian' and 'Steppic' regions; the 'Mediterranean' region also includes the Black Sea region;
'mountain areas' comprise the 'Alpine' and 'Anatolian' regions; and the 'Macaronesian' region is not explicitly shown.
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Map ES.1

Key observed and projected climate change and impacts for the main biogeographical
regions in Europe

Arctic region
Temperature rise much larger than
global average
Decrease in Arctic sea ice coverage
Decrease in Greenland ice sheet
Decrease in permafrost areas
Increasing risk of biodiversity loss
Some new opportunities for the exploitation
of natural resources and for sea transportation
Risks to the livelihoods of indigenous peoples

Coastal zones and regional seas
Sea level rise
Increase in sea surface temperatures
Increase in ocean acidity
Northward migration of marine species
Risks and some opportunities for ﬁsheries
Changes in phytoplankton communities
Increasing number of marine dead zones
Increasing risk of water-borne diseases

Atlantic region
Increase in heavy precipitation events
Increase in river ﬂow
Increasing risk of river and coastal ﬂooding
Increasing damage risk from winter storms
Decrease in energy demand for heating
Increase in multiple climatic hazards

Boreal region
Increase in heavy precipitation events
Decrease in snow, lake and river ice cover
Increase in precipitation and river ﬂows
Increasing potential for forest growth
and increasing risk of forest pests
Increasing damage risk from winter storms
Increase in crop yields
Decrease in energy demand for heating
Increase in hydropower potential
Increase in summer tourism

Mountain regions
Temperature rise larger than European
average
Decrease in glacier extent and volume
Upward shift of plant and animal species
High risk of species extinctions
Increasing risk of forest pests
Increasing risk from rock falls and
landslides
Changes in hydropower potential
Decrease in ski tourism

Continental region
Increase in heat extremes
Decrease in summer precipitation
Increasing risk of river ﬂoods
Increasing risk of forest ﬁres
Decrease in economic value of forests
Increase in energy demand for cooling

Mediterranean region
Large increase in heat extremes
Decrease in precipitation and river ﬂow
Increasing risk of droughts
Increasing risk of biodiversity loss
Increasing risk of forest ﬁres
Increased competition between diﬀerent water users
Increasing water demand for agriculture
Decrease in crop yields
Increasing risks for livestock production
Increase in mortality from heat waves
Expansion of habitats for southern disease vectors
Decreasing potential for energy production
Increase in energy demand for cooling
Decrease in summer tourism and potential increase in other seasons
Increase in multiple climatic hazards
Most economic sectors negatively aﬀected
High vulnerability to spillover eﬀects of climate change
from outside Europe

Boreal region (northern Europe)

Atlantic region (north‑western Europe)

Projections suggest that there will be a larger than
average temperature increase, in particular in winter,
an increase in annual precipitation and river flows,
less snow and greater damage by winter storms in this
region. Climate change could offer some opportunities
in northern Europe, including increased crop variety
and yields, enhanced forest growth, higher potential
for electricity from hydropower, lower energy
consumption for heating and possibly more summer
tourism. However, more frequent and intense
extreme weather events are projected to have an
adverse impact on the region, for example by making
crop yields more variable and by increasing the risk
from forest pests and forest fires. Heavy precipitation
events are projected to increase, leading to increased
urban floods and associated impacts.

Coastal flooding has had an impact on low‑lying coastal
areas in north‑western Europe in the past. These risks
are expected to increase as a result of sea level rise
and potentially stronger storm surges, with North Sea
countries being particularly vulnerable. Stronger extreme
precipitation events, in particular in winter, are projected
to increase the frequency and intensity of winter and
spring river flooding, urban floods and associated
impacts. The risk of severe winter storms, and possibly of
severe autumn storms, is projected to increase.

Continental region (central and eastern Europe)
Increasing heat extremes are a key hazard in central
and eastern Europe. Together with reduced summer
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precipitation, they can increase drought risk, health
risks and energy demand in summer. The intensity
and frequency of river floods in winter and spring is
projected to increase in various regions as a result
of increases in winter precipitation. Climate change
is also projected to lead to an increased risk of river
floods, higher crop‑yield variability and an increased
occurrence of forest fires.

Mediterranean region (southern Europe)
The Mediterranean region is facing decreasing
precipitation and increasing temperatures, in particular
in summer. The main impacts are decreases in water
availability and crop yields, increasing risks of droughts
and forest fires, biodiversity loss and adverse impacts
on human health and well‑being and on livestock.
Environmental water flows, which are important for
aquatic ecosystems, are threatened by climate change
and by socio‑economic developments. Overall, the
competition between different water users is expected
to increase. The observed invasion and survival of
alien species in the Mediterranean Sea is partly due
to the warming trend in sea surface temperature. The
energy sector will be affected by decreasing water
availability and increasing energy demand for heating,
in particular in summer. The suitability for tourism
will decline markedly during the key summer months,
but will improve in other seasons. The Mediterranean
region is a hotspot of climate change impacts,
having the highest number of economic sectors
severely affected. It is also particularly vulnerable
to the spill‑over effects of climate change impacts
in neighbouring regions, in particular related to
disruptions in agricultural trade and to migration flows.

European Union Outermost Regions and the Overseas
Countries and Territories
The European Union Outermost Regions and the
Overseas Countries and Territories are particularly
vulnerable to climate change impacts, in particular to sea
level rise and extreme weather events. Water resources
are highly sensitive to sea level rise because of the risk
of saltwater intrusions. The very rich biodiversity and
high concentration of endemic species are sensitive to
changes in temperature and precipitation and to the
introduction or increase of pests and invasive species.
The high concentration of population, socio‑economic
activities and infrastructures in low‑lying coastal zones
make these regions and territories very vulnerable
to sea level rise and coastal flooding. The economic
dependence on a small number of products and services
(e.g. fishing and tourism) make them highly vulnerable to
any potential changes.
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Mountain regions
Many mountain regions are experiencing a particularly
large increase in temperature, as well as reduced snow
cover, loss of glacier mass, thawing of permafrost
and changing precipitation patterns, including less
precipitation falling as snow. Mountain ecosystems
are particularly vulnerable to climate change. Impacts
include a shift in vegetation zones and extensive
biodiversity loss. Plant and animal species living close
to mountain tops face the risk of becoming extinct
owing to the inability to migrate to higher altitudes.
Most mountain regions are expected to be adversely
affected in relation to their water resources. The
retreat of the vast majority of glaciers also affects water
availability in downstream areas. Additional impacts
include a reduced potential for winter tourism, in
particular in lower lying regions, and increasing risks to
infrastructure and settlements from floods, landslides
and rock falls in some regions. Hydropower potential
is projected to change, with positive impacts in some
regions (e.g. Scandinavia) and negative impacts in
others (e.g. the Alps).

Coastal zones and regional seas
Coastal zones across Europe are facing an increasing
risk of flooding from rising sea levels and a possible
increase in storm surges. Climate change is leading
to major changes in marine ecosystems as a result of
warming and ocean acidification. It can also exacerbate
oxygen depletion from eutrophication, leading to
dead zones. Impacts on fisheries can be both adverse
and beneficial, with the highest risks faced by coastal
fisheries with limited adaptation potential. Increasing
sea surface temperatures can also adversely affect
water quality (e.g. through algal blooms) and facilitate
the spread of water‑borne diseases, such as vibriosis.

Cities and urban areas
The climate resilience of Europe's cities, which are
inhabited by almost three‑quarters of the population, is
decisive for their functioning and for Europe's growth,
productivity and prosperity.
Cities face specific climate threats. Having a high
proportion of elderly people makes cities sensitive to
heat waves and other climatic hazards. The urban heat
island effect exacerbates the impacts of heat waves
and is increasingly also affecting cities in central and
north‑western Europe. High soil sealing and urban
sprawl in combination with more extreme precipitation
events and sea level rise increase the risk of urban
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flooding. Many cities have continued to spread
noticeably into areas potentially prone to river floods,
thus increasing their exposure to floods. Urban sprawl
with low‑density housing into previously wild land has
increased the risk of forest fires in many residential
areas over the last decades, in particular around cities
in southern Europe.

Socio‑economic scenarios for Europe
A comprehensive assessment of the vulnerability of
regions, sectors, population groups and infrastructure
to climate change needs to consider potential
changes in socio‑economic factors, as well as multiple
interdependencies across climate‑sensitive sectors.
Population size in eastern Europe is projected to
decrease considerably during the 21st century. For
western Europe, some scenarios project increases
throughout the century, while others project slight
increases until the middle of the century followed by a
decline thereafter, and still others assume a continuous
decline throughout the 21st century. The population
is projected to age substantially in both western and
eastern Europe.
Urbanisation is projected to increase further. The
difference between scenarios in the proportion of the
population that is urban is relatively large in eastern
Europe; in western Europe, the urban population is
expected to increase to above 90 % in most countries
and scenarios.
Available projections assume future growth in income
per capita, but the magnitude of this growth varies
significantly between scenarios, particularly in western
Europe. The current fundamental gap in gross domestic
product (GDP) per capita between eastern and western
Europe is expected to significantly reduce throughout
the century, but not to vanish completely.
Capacities to cope with the consequences of climate
change appear to be increasing, but the current higher
capacity in central and north‑western parts of Europe
than in southern and some eastern parts of Europe is
expected to prevail to some degree. Opportunities for
technological and social innovations are greater for
scenarios that assume well‑functioning governance and
international cooperation.

Multi‑sectoral vulnerabilities and projected costs
The water, agriculture, forestry and biodiversity sectors
and domains show strong interdependencies with
each other and with non‑climatic developments, such

as changing land‑use patterns and population change.
South‑eastern and southern Europe are projected to be
hotspot regions, based on the high number of sectors
and domains severely affected. Regarding ecosystem
services, the Alps and the Iberian Peninsula are also
hotspots.
An assessment considering several climate hazards,
including droughts, fires and sea level rise, has identified
southern Europe, but also coastal areas and floodplains
in western Europe, as multi‑sectoral hotspots. The
greatest challenges appear to be concentrated in
south‑eastern and southern parts of Europe.
Estimates of the projected economic impacts of climate
change in Europe are emerging, but the coverage
remains partial and there is considerable uncertainty.
A JRC study indicates that there will be potentially high
economic costs, even for modest levels of climate
change, and these costs rise significantly for scenarios
of greater levels of warming (Ciscar et al., 2014). Annual
total damages from climate change in the EU could be
around EUR 190 billion (with a net welfare loss estimated
to be equivalent to 1.8 % of current GDP) by the end
of the century under a reference scenario. There is a
strong distributional pattern of costs, with notably higher
impacts in southern Europe.
In recent years, more information has become available
on the costs and benefits of adaptation, especially for
coastal areas, water management, floods, agriculture
and the built environment. The focus of these studies
has been on national and regional rather than on
pan‑European estimates.

Europe's vulnerability to climate change impacts outside
Europe
Climate change is having an impact on all world
regions. Several recent studies have suggested that
climate change will have much stronger negative
impacts on the global economy than previously
assumed, with poor countries being disproportionally
affected. 'The Global Risks Report 2016' indicates
that the most impactful risk in the years to come was
found to be a failure in climate change mitigation and
adaptation (WEF, 2016).
Europe is susceptible to spill‑over effects from
climate change impacts occurring outside European
territories through six major pathways: the trade of
agricultural commodities, the trade of non‑agricultural
commodities, infrastructure and transport, geopolitics
and security risks, human migration and finance.
The strongest evidence for Europe's vulnerability to
cross‑border impacts are the economic effects seen
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as a result of climate‑related price volatilities and
disruptions to transportation networks.
Recent climate extremes outside Europe have already
had a negative impact on Europe. One example of
global price volatilities caused by climate extremes
is the Russian heat wave in 2010, which destroyed a
substantial area of crops, thereby negatively affecting
Russia's grain harvest. This led to an export ban on
wheat by the Russian government, which contributed
to a substantial increase in global wheat prices. An
example of indirect effects through supply chains
to Europe is the shortage of hard drives and the
associated increase in price levels caused by a severe
flood event in Thailand in 2011. An example of effects
of climate‑related hazards on infrastructure outside
Europe is Hurricane Katrina (2005), which destroyed
large parts of the port of New Orleans, causing a
temporary shortage in global oil supply and thereby
triggering a temporary increase in the global oil price.
A potentially major climate‑related impact on global
trade relates to the opening of Arctic sea routes
following the shrinkage of the Arctic sea ice.
The Mediterranean region has been identified as
particularly vulnerable to shocks in the flow of
agricultural commodities, owing to, among others, a
high dependency on imports from outside Europe,
whereas small, open and highly developed European
economies are regarded as particularly vulnerable to
shocks in the flow of non‑agricultural commodities.
Climate change in North African regions, such as
the Sahel and the Maghreb, as well as in the Middle
East, may increase the strategic importance of these
regions for Europe, with respect to both potential
climate‑induced human migration flows, and
geopolitical and security considerations. The links
between different triggering factors is extremely
complex. An unprecedented drought that has affected
parts of the Middle East in recent years has been
suggested as one among many drivers (e.g. economic
situation, governance) shaping local conflicts that
triggered the Syrian civil war, which ultimately led to the
current substantial increase in refugee flows to Europe.
European vulnerability to cross‑border effects is
expected to increase in the coming decades, but
quantitative projections are not yet available.

ES.5 Possible ways forward on adaptation
The SOER 2015 highlights that, to achieve the 2015
vision of the 7th EAP, fundamental transitions
are needed in key systems such as the transport,
energy, housing and food systems. Four approaches
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are mentioned to enhance progress: mitigation
through resource‑efficient technological innovations;
adaptation, by increasing resilience; avoiding harm
to people's health and well‑being and to ecosystems
through precautionary and preventative action; and
restoring and enhancing natural resources.
Adapting to the many changes that European society
faces, as mentioned above, is a challenge, but it is also
an opportunity for synergies and benefits if Europe
implements adaptation measures in a coherent
way. Achieving the desired policy coherence needs
continued efforts to mainstream adaptation in many
environmental and sectoral policies, regarding both
policy development and implementation, and working
towards similar goals. Enhancing the synergies
between disaster risk reduction and climate change
adaptation and including adaptation considerations in
existing and new major infrastructural investments are
particularly important. There is also a need to address
interdependencies across sectors regarding major
infrastructures (e.g. transport, electricity production
and communication), for example through 'stress tests'.
A related challenge is to ensure the effectiveness,
efficiency and coherence of action across the various
levels of governance. EU adaptation policy should take
into account national strategies and plans, as well as
actions at transnational and city levels.
Adaptation policy responses must be flexible and
tailor‑made to address regional and local conditions
and needs and must also take into account the
progress made in the scientific understanding
of disaster risks, decadal climate variability, and
long‑term climate and socio‑economic changes. This
understanding is evolving and lessons are being
learned from implementing actions. It is important
to adopt an 'adaptive management' approach, which
means adjusting plans to these conditions as they
unfold, taking account of the uncertainty on future
developments and constantly updating adaptation
policy with new information from monitoring,
evaluation and learning.
Flexibility can also be advanced by using different
types of adaptation measures. Implementing
a combination of 'grey' (i.e. technological and
engineering solutions), 'green' (i.e. ecosystem‑based
approaches) and 'soft' (i.e. managerial, legal, policy and
market‑based approaches) adaptation options is often
a good way to deal with the interconnections between
natural systems and social systems.
The involvement of stakeholders is important
in creating a sense of 'ownership' in adaptation
policy, a critical factor in the success of adaptation
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implementation. Stakeholder involvement also helps
to improve the coherence of adaptation actions and
builds adaptive capacity in the wider society. Multi‑level
governance bridges the gaps between the different
levels of policy and decision‑making and provides
opportunities for ensuring that key actors are involved.
There is limited information about the vulnerability of
and risks faced by businesses and about adaptation
measures being taken by the private sector. This
challenge could be addressed by the private sector
through assessments of their vulnerabilities, including
in their value and supply chains, and by implementing
adaptation actions. These activities can be supported
by emerging climate change and adaptation services.
The development and implementation of innovative
solutions for adaptation can provide business
opportunities in many different sectors.
Incremental adaptation, such as improving existing
flood defences and increasing existing water reservoirs,
builds on existing adaptation measures and known
solutions by improving on them, often based on
proven knowledge gained over several decades.
Incremental adaptation often focuses on individual
measures, as appropriate, and as opportunities appear.
Measures are relatively quick to put in place and can
often deal sufficiently and effectively with short‑ and
medium‑term challenges.
Incremental adaptation may be sufficient to deal
with most short‑ and medium‑term challenges, but
transformational adaptation is often required to
address the long‑term challenges of climate change.
Transformational adaptation involves managing
more radical change, rather than protecting or
restoring a certain environmental or social state. As
transformations require more fundamental changes,
it is important to start considering them now and
discussing possible pathways with stakeholders, in
parallel to developing and implementing incremental
options to address vulnerable hotspots.
Transformative adaptation follows a broad and
systemic approach and addresses the root causes of
vulnerability to climate change, which is often the result
of human actions, such as settling in risk‑prone areas,
inadequate building design or other behaviours that
aggravate the impacts of climate change. For example,
the designs of a city, its buildings and its infrastructures
are supposed to last for decades or even centuries.
Transformative adaptation requires the rethinking of
city planning and building to prepare for future climatic
conditions. It may involve, for example, the redesign of
parks and other open spaces to accommodate storm
water, new building design to better cope with heat
waves and developing transport infrastructure that

is robust against extreme events. The transformative
approach seeks to integrate adaptation with other
aspects of urban development, offering the opportunity
of a better functioning city and improved quality of life
(EEA, 2016b).
Countries and cities, with a few exceptions, have not yet
implemented comprehensive adaptation approaches
that combine incremental and transformative
actions, although some have taken transformative
steps. In the future, further actions will be required,
combining different types of actions and learning
from experiences that are accumulating across
EU, transnational, national and urban levels. Such
learning will benefit from increasing activities at
various governance levels in monitoring, reporting and
evaluation. Sharing experiences and learning about the
use of monitoring and evaluation results will further
improve adaptation policy and practice (EEA, 2015a).

ES.6 Strengthening the knowledge base
The length of time series for, the geographical
coverage of and the quality of climate change data
and indicators have improved over recent years as a
result of European and global efforts such as the Global
Climate Observing System. Atmospheric and ocean
observations are the most developed, but an integrated
approach to terrestrial observations is still lacking.
Climate change impact indicators have also improved
over recent years at EU and national levels, and many
countries have performed climate change impact,
vulnerability and/or risk assessments. However,
improvements in such assessments are feasible,
e.g. by better addressing indirect and cascading effects.
Furthermore, there are no agreed common methods
for indicator sets across Europe, which makes it difficult
to compare information across countries. It can be
useful to explore how existing thematic and sectoral EU
legislation and policies could be used to improve data
and indicators on climate change impacts.
Climate change services are emerging at national and
EU levels (e.g. the Copernicus Climate Change Service
and the Joint Programming Initiative 'Connecting Climate
Knowledge for Europe'). They provide climate data
and information, such as essential climate variables,
reanalyses, observations, seasonal forecasts and
long‑term projections. Emerging adaptation services
(at national and EU levels, e.g. the Climate Knowledge
and Innovation Community) provide complementary
information, e.g. on vulnerability and cost–benefit
assessments, policies, tools and case studies. Climate
change services and adaptation services are expected
to become increasingly integrated in the future,
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thereby delivering the services needed by the intended
users. Furthermore, enhanced knowledge and
experiences facilitate the development, prioritisation
and implementation of adaptation options, and the
integration of them flexibly into other policies.
An increasing number of countries, and also city
networks, are developing systems for the monitoring,
reporting and evaluation of adaptation policies. An
approach that combines quantitative indicators and
qualitative information, including process‑based
indicators, can be a strong basis for assessments. Only
a few countries have so far established such approaches.
The European Commission has developed a
process‑based 'adaptation preparedness scoreboard'
to assess the progress of Member States, which will
be included in its evaluation of the EU Adaptation
Strategy, which is due to be published in 2018. There
is an increasing need to complement this scoreboard
with quantitative information at the EU level.
As part of the Sendai Framework for Disaster Risk
Reduction, the finalisation of a set of indicators to
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measure progress in its implementation is planned
by the end of 2016. Countries, including EU Member
States, need to establish national databases of
disaster impacts on ecosystems, human health and
the economy. The Sendai Framework indicators for
weather‑ and climate‑related hazards are expected
to be very relevant and useful for climate change
adaptation.
Overall, the main knowledge gaps are regarding
national and sectoral impact, vulnerability and
adaptation assessments; economic damages and
losses; costs and benefits of adaptation; options for
effectively mainstreaming adaptation into public
and private investments; adaptation services;
interdependencies, synergies and trade‑offs between
policy objectives; and monitoring systems and
tools. EU‑funded research, in particular through
Horizon 2020, and national research should address
these adaptation knowledge gaps. However,
transformative adaptation will require innovations and
structural change, as well as reflexive learning from
experience. The Horizon 2020 programme aims to
facilitate such changes.
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1 Introduction

1.1

Purpose and scope

1.1.1 Purpose
This report presents a primarily indicator-based
assessment of past and projected climate change. It
also looks at the observed and projected impacts of
climate change, society's associated vulnerability to
these impacts (4) and the risks they pose to European
ecosystems and society. The European Environment
Agency (EEA), in collaboration with other organisations,
has so far published three four-yearly reports of
this nature (EEA, 2004, 2008, 2012a). The four-year
publication interval allows us to include new scientific
knowledge that has been accumulated over that period
while, at the same time, serving the policy need for a
regular, comprehensive, Europe-wide assessment of our
climate. The reports have changed in scope over time
because of the increasing body of knowledge available
and changing policy needs.
The main objectives of this report are to:

This report compiles information from a wide
variety of sources in order to provide an overview
of those aspects of climate change that are relevant
for policymaking in Europe. It aims to achieve
consistency with the Fifth Assessment Report (AR5)
of the Intergovernmental Panel on Climate Change
(IPCC), in particular the contribution of Working
Group I (IPCC, 2013) and the chapter on Europe in the
contribution of Working Group II (Kovats et al., 2014).
However, information that became available after
the publication of the AR5 has also been considered.
Major new information that has become available
since the previous EEA report Climate change, impacts
and vulnerability in Europe 2012 (CCIV) is highlighted in
the 'Executive summary'.
The key terms used to assess and communicate
the effects of climate change (e.g. vulnerability and
risk) put emphasis on the adverse impacts, and may
suggest that all impacts of climate change are adverse,
but some impacts may in fact be beneficial. This
report includes climatic changes and impacts that
are not per se adverse or beneficial (e.g. changes in
precipitation or in plant phenology) as well as impacts
that can be regarded as either adverse or beneficial
(e.g. changes in health risks). Note that adverse and
beneficial impacts tend to have rather different
policy implications. Adverse impacts generally call for
anticipatory, planned adaptation (e.g. increasing risk
management efforts in order to maintain current risk
levels under projected climate change), whereas the
benefits of climate change can often be reaped by
reactive adaptation (e.g. reducing risk management
efforts that turn out to no longer be needed after
observing climate change). On balance, most of the
climate change impacts presented in this report are
projected to be adverse, with details depending on
the scenario and the time horizon (see 'Executive
summary' for details).

•

present past and projected climate change, as well as
selected impacts on ecosystems and society;

•

identify the regions and sectors most at risk from
climate change impacts;

•

discuss the main sources of uncertainty in
observations and projections;

•

report on key adaptation policy developments at
European, transnational and national levels;

•

highlight the need for further adaptation actions; and

•

demonstrate how monitoring, information sharing
and research can improve the knowledge base for
adaptation.

(4)

For an explanation of the terms 'vulnerability' and 'risk', and their use in this report, see Section 1.4.
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1.1.2 Content and data sources
This report includes the following:
•

an assessment of past and projected climate change
(Chapter 3), and its impacts on environmental
systems (Chapter 4) and society (Chapter 5) in
Europe, which is primarily based on indicators;

•

a structured review of multi-sectoral climate change
impact, vulnerability and risk assessments for
ecosystem services (Section 4.5) and society at large
(Chapter 6); and

•

an overview of the policy background for climate
change adaptation (Chapter 2) and the development
of the associated knowledge base (Chapter 7).

Important information in this report is highlighted in
'Key messages' at different levels. Chapters 1 and 2 do
not include key messages. Chapters 3, 4 and 5 include
key messages for each section and for each indicator.
Those key messages cover past trends, projections,
where relevant, attribution (see Section 1.3.2), and in
some cases, societal relevance. The key messages for
individual indicators are generally more detailed and
quantitative than the key messages for whole sections,
which form the basis for the Executive summary.
However, some overlaps between key messages at
different levels cannot be avoided. Chapter 6 includes
key messages for each section, and Chapter 7 includes
key messages covering the whole chapter.
Indicator-based assessment
The main content of this report, presented in
Chapters 3, 4 and 5, is about 40 indicators that describe
observed and projected climate change and its impacts
in Europe. Information for each indicator comprises
'Key messages', an explanation of its policy relevance,
and an analysis of past trends and future projections,
where available. Data quality issues and the main
uncertainties are generally discussed jointly for a group
of indicators. Some sections present information on
specific climate impacts even though data availability
and/or quality does not currently allow for an EEA
indicator to be developed based on this information.
All indicators in the EEA CCIV reports are available
on the EEA website (5) and accessible through the
European Climate Adaptation Platform (Climate‑ADAPT)
(see Section 1.1.4). About half of the 42 indicators
included in the 2012 report were updated online

(5)
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in 2014, primarily to include new information from
the IPCC AR5, as well as from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) and
Coordinated Downscaling Experiment — European
Domain (EURO-CORDEX) climate modelling initiatives.
The indicator base of the 2012 report was slightly
modified for this report, as described in Section 1.1.3
below.
Where feasible, indicators cover the 33 member
countries of the EEA. For some indicators, Europe-wide
data were not available, so these indicators present
information for fewer countries. Furthermore, some
indicators have only limited geographical relevance
(e.g. glaciers) and in such cases the aim was for full
coverage of the relevant countries and regions.
The observed and projected impacts of climate change
and society's vulnerability to them differ significantly
across Europe owing to regional differences in current
and future climate, as well as other environmental
and socio-economic factors. Wherever possible,
information on climate change and its impacts is
provided for different macro-regions in Europe.
Such regionalisation could be based on climatic,
geographic, environmental, political or other criteria,
but no generally accepted approach to regionalisation
exists. For pragmatic reasons, the regionalisation in
this report generally reflects that in the underlying
data source. As a result, some inconsistencies across
sections and indicators cannot be avoided.
An important question for the development of
adaptation strategies and actions is to which
magnitude and pattern of future climate change
should Europe adapt? As future levels of greenhouse
gas emissions and the resulting magnitude of global
climate change are uncertain, this report provides
impact projections for a range of emissions scenarios,
where available and relevant. Furthermore, climate
change and impact projections are based on an
ensemble of climate projections from different
models, whenever available. Further information on
global emissions scenarios and the consideration of
uncertainties in this report is provided in Sections 1.2
and 1.2.3, respectively.
The selection of topics and indicators for the
previous report (EEA, 2012a) was guided by an
expert assessment that applied 13 criteria grouped
into five themes: policy relevance; causal links to
climate change; methodological and data quality,
and data accessibility; robustness; and acceptance

http://www.eea.europa.eu/themes/climate/indicators.
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and intelligibility (Hildén and Marx, 2013). The final
selection of indicators was done in consensus with
the authors, considering all of the criteria mentioned
above as well as the opinions of the external Advisory
Group. The topics and indicators in this report were
updated based, among others, on the feedback of a
stakeholder survey (see Section 1.1.3 below for further
details).
Some climate-sensitive sectors, systems and issues
are not covered in this report owing to a lack of
reliable information across Europe, including on
industry and manufacturing, insurance, infrastructure
(except for transport and energy infrastructure) and
cultural heritage. Furthermore, immaterial impacts
of climate change (such as aesthetic changes and
changes in personal well-being) are not systematically
covered because credible indicators are not available.
There is no reporting of climate change impacts and
vulnerability data and information from EU Member
States to the European Commission or the EEA. Some
information is available in national communications
to the United Nations Framework Convention on
Climate Change (UNFCCC; UN, 1992) as well as in
reporting under the Monitoring Mechanism Regulation
(EU, 2013), the Floods Directive (EC, 2007) and the
Water Framework Directive (EC, 2000). However, this
information cannot be used for preparing quantitative
indicators across EEA member countries because of
a lack of comparability and quantification. Thus, the
indicators presented in this report are based on data
from in situ and satellite monitoring programmes,
from EU and national research programmes, and from
a few global databases.
The indicators presented in this report are in different
stages of development, reflecting methodological
and/or data challenges. Furthermore, they have
broadly different policy purposes, which reflect the

Table 1.1

cross-cutting nature of climate change and determine
the specific data needs of a particular indicator
(see Table 1.1).
Integrated climate change impact, vulnerability and
risk assessments
Section 4.5 combines indicator-based information
on climate change impacts on environmental
systems with other information sources using
the framework of ecosystems services. Chapter 6
focuses on the interaction of the changing physical
characteristics of the climate system with evolving
characteristics of socio-economic systems. As such,
the chapter synthesises the effects and consequences
of climate change in Europe from an integrated
perspective for different geographical scales and units
(pan‑European, macro-regions, cross-border effects
and urban regions). The underlying assessments
address a range of climate-sensitive sectors, and
they generally consider future climate change in
the context of anticipated changes in demographic
and socio‑economic conditions. This information is
not presented in indicator format and, thus, is not
available in the indicator section of the EEA website.
Policy background and knowledge base
Chapter 2 summarises the state of climate policies at
the global level and in Europe, including adaptation
policies at the national level and for various European
macro-regions. A more comprehensive overview
of European and national adaptation policies is
available in other EEA reports (see Section 1.1.4).
Chapter 6 gives an overview of the development of
the knowledge base for adaptation as well as of the
main remaining knowledge gaps and the strategies
to address these gaps, including through various EU
research programmes and the development of the
Copernicus Climate Change Service.

Type of indicator and policy objective

Type of indicator

Policy objective

Examples

Global climate change
(Chapter 3)

Monitoring the main changes in the global climate
system, which will provide the background for
assessing regional climate change and its impacts

Global mean temperature
Ocean heat content
Arctic sea ice

Regional climate change
(Chapters 3 and 4)

Tracing regional climate hazards to inform regional
assessment and management of climate-sensitive risks

Heavy precipitation
Regional sea level

Climate change impacts on
environmental systems and
society
(Chapters 4 and 5)

Assessing the sensitivity of ecosystems and society to
observed climate change, estimating future impacts of
climate change and the resulting adaptation needs

River floods
Species distribution
Forest fires
Damages from extreme events
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1.1.3 Changes compared with the 2012 report
This section briefly describes changes in the structure
of this report and the underlying indicator base,
compared with the previous report published in 2012.
Substantial new developments are highlighted in the
'Executive summary'.
In September 2014, the EEA conducted a stakeholder
survey in order to get feedback on the scope, quality,
comprehensibility and usefulness of the 2012 report,
as well as on the scope, thematic focus and production
process for the 2016 report. The results of this survey
informed the scoping process of the current report.
The overall structure of the 2016 report has changed
moderately from that of the 2012 report. First,
information about the development of relevant policies
at global, European, transnational and national levels
is included in a new chapter on the policy context
(Chapter 2). Second, the chapter on multi-sectoral
vulnerability to climate change (Chapter 6 in the

Table 1.2

The indicator base of the 2012 report was slightly
modified for this report, taking into consideration,
among others, feedback from the above-mentioned
stakeholder survey and from the Advisory Group. As a
result, in the 2016 report, several indicators have been
dropped or discontinued, some indicators have been
merged, and a few indicators have been extended
or newly created. Table 1.2 shows the main changes
in indicators between the 2012 and 2016 reports.

Changes in indicators 2012–2016

Section

Indicator(s) in 2012 report

New, merged or modified
indicator(s) in 2016 report

3.2 Atmosphere

Extreme temperature

Heat extremes

Extreme precipitation

Heavy precipitation

–

Hail

3.3 Cryosphere

Greenland ice sheet

Greenland and Antarctic ice sheets

Permafrost (*)

–

4.1 Oceans and marine environment

–

Oxygen content

Marine phenology (*)

–

4.2 Coastal zones

Storm surges

Integrated into:
Global and European sea level

4.3 Freshwater systems

River droughts

Meteorological and river droughts

Lake and river ice cover (*)

–

4.4 Terrestrial ecosystems, soil and forests

Soil organic carbon (*)

–

Soil erosion (*)

–

Species interactions

–

Plant phenology; animal phenology

Plant and animal phenology

Plant distribution; animal distribution

Plant and animal distribution

5.2 Human health

Forest growth

Forest composition and distribution

Air pollution by ozone and health

–

–

Water and food-borne diseases

5.3 Agriculture

Irrigation water requirement

Crop water demand

5.4 Energy

Heating degree days

Heating and cooling degree days

Note:
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current report, Chapter 5 in the previous report) was
completely restructured. This chapter synthesises
the results of multi-sectoral climate change impact,
vulnerability and risk assessments with relevance
for Europe at different spatial scales. Furthermore,
the formerly separate section on fisheries has been
integrated into the section on oceans and the marine
environment (Section 4.1), and the formerly separate
sections on soils and on forests have been integrated
into the section on terrestrial ecosystems (Section 4.4).
Finally, a new section on ecosystems and their services
under climate change has been included (Section 4.5).

The indicators in green are new in this report, indicators in blue have been merged or substantially modified since the previous report,
and indicators in red are no longer presented in this report. An asterisk (*) denotes that limited information from an indicator removed
from this report is presented in this report in a box.
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Changes in the names of indicators without major
changes in content are not explicitly reported in this
table. Information related to some indicators that have
been dropped from this report is still presented in the
relevant thematic section (e.g. in boxes). An overview
of all indicators, including the time periods covered
by past trends and information on projections, is
presented in Table 1.7.

presented in Table 1.3, in particular from the 2015
European Topic Centre on Climate Change Impacts,
Vulnerability and Adaptation (ETC-CCA) technical paper
on 'Extreme weather and climate in Europe' (van der
Linden et al., 2015) (in particular Sections 3.1 and 3.2),
and the urban vulnerability map book (EEA, 2015h)
(in particular Section 6.6).
EEA thematic reports including information on climate
change

1.1.4 Links to other EEA activities
Climate change impacts, vulnerability and adaptation
information
Table 1.3 presents a summary of relevant EEA reports
and information published on climate change impacts,
vulnerability and adaptation since 2013. Some of the
information in this report is taken from the reports

Table 1.3

Apart from the reports mentioned above, several
other EEA reports published since 2012 include
relevant information on climate change impacts and
vulnerability, which is summarised in Table 1.4. The
information in the present report (in particular in
Sections 4.2, 4.3, 4.4 and 5.2) is consistent with those
reports, but some information has been updated and/
or extended.

Overview of EEA reports and information on climate change impacts, vulnerability and
adaptation published since 2013

Year

Title

Scope

2013

EEA Report Adaptation in Europe
(EEA, 2013a)

Climate change adaptation policies and actions, examples of adaptation
actions in practice and the initial EU policy context

2014

EEA Report National adaptation
policy processes in European countries
(EEA, 2014b)

A first comprehensive and consistent overview of adaptation policies
in European countries, based on a questionnaire ('self-assessment')
completed for individual countries

2014

EEA Report Adaptation of transport to
climate change in Europe (EEA, 2014a)

Overview of the challenges and state of adaptation action in transport and
examples of various actions already taken across Europe

2015

EEA Technical report Overview of
State of play of adaptation platform in Europe and information on the
climate change adaptation platforms in scope, history, targeted users, selection and presentation of knowledge,
Europe (EEA, 2015c)
and links to climate services and disaster risk reduction platforms

2015

EEA Technical report National
monitoring, reporting and evaluation
of climate change adaptation in Europe
(EEA, 2015b)

Information and national cases on emerging monitoring, reporting
and evaluation systems at national level and assessment of key aspects
(e.g. drivers, governance, methodology and information channels)

2015

ETC-CCA technical paper Extreme
weather and climate in Europe
(van der Linden et al., 2015)

Information on frequency and intensity of extreme weather and climate
events covering extreme temperature, heavy precipitation, drought
(various types) and hail

2015

'Urban vulnerability to climate
change in Europe — A map book'
(EEA, 2015h)

Information on climate change threats (heat waves, drought and water
scarcity, flooding and forest fires) and cities' capacity to respond

2016

EEA Report Urban adaptation to
climate change in Europe 2016
(EEA, 2016)

Overview of the state of urban adaptation action at different
governance levels and how this interacts with other themes and policies
(e.g. environmental, urban development, quality of life), based on
information from member countries and the Mayors Adapt initiative (6)

(6)

http://mayors-adapt.eu.
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Table 1.4

Overview of other relevant EEA reports published since 2012

Year

Title

Scope

2012

EEA Report Water resources
in Europe in the context of
vulnerability (EEA, 2012b)

Analysis of droughts and water scarcity, pollution, and flood risks, which all
increase the vulnerability of freshwater ecosystems and societies. Land-use
change, water abstraction and climate change are key factors

2013

Joint EEA–JRC report
Environment and human health
(EEA, 2013c)

Overview of environmental issues with a direct or indirect influence on people's
health and well-being, including climate change (e.g. heat waves and floods)

2013

EEA Report Balancing the future
of Europe's coasts — knowledge
base for integrated management
(EEA, 2013b)

Key sustainability challenges for European coastal areas and waters, including the
main climate change hazards and vulnerabilities in different European marine
regions, i.e. sea level rise, increased coastal erosion, storm surges and loss of
specific habitats

2015

EEA Report State of Europe's seas
(EEA, 2015e)

Assessment of whether or not Europe's seas are healthy, clean, undisturbed and
productive; the main sustainability challenges, and how the EU is responding.
Climate change (e.g. sea surface temperature increases and potential ocean
acidification) is one of the pressures that can further weaken the ecological
resilience of Europe's seas

2015

EEA Technical report State of
nature in the EU: Results from
reporting under the nature
directives 2007–2012 (EEA, 2015f)

Description of the state of nature in the EU, based on reports from Member States
under the Birds and Habitats Directives, including status and trends of species
and habitats, and on the main pressures and threats identified by Member States,
including climate change

2015

EEA Technical report European
ecosystem assessment — concept,
data, and implementation
(EEA, 2015a)

Information on ecosystems and their conditions, as part of assessments
of implementation of the EU Biodiversity Strategy to 2020. It identifies and
analyses climate change as one of five main pressures affecting ecosystems
and their services (the other four are habitat change, invasive species, land-use
management, and pollution and nutrient enrichment)

2015

The European environment —
state of the environment and
outlook 2015 (EEA, 2015d)

Comprehensive five-yearly assessment of the European environment's state,
trends and prospects, in a global context. Analysis of policy implementation
and opportunities to modify existing policies to achieve the EU 2050 vision of
living well within the limits of the planet. It includes a synthesis report, various
European briefings, including one on climate change impacts, vulnerability and
adaptation, and a report on global megatrends, including on climate change

Climate-ADAPT
The various recent EEA reports on climate change,
impacts and vulnerability and on adaptation
are complemented by information in the
European Climate Change Adaptation platform,
'Climate‑ADAPT' (7). It is a publicly accessible
web‑based platform designed to support policymakers
at EU, national, regional and local levels in the
development and implementation of climate change
adaptation policies and actions. Climate-ADAPT is
hosted and managed by the EEA, in collaboration with
the European Commission. Since its launch in March
2012, the website has been continuously updated

(7)
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with new information, for example from EU research
projects, transnational projects, and national and local
authorities.

1.1.5 Relevant assessment reports from other
organisations
Since 2012, various international assessment reports
with a focus on climate change impacts and adaptation
in Europe have been published by other organisations.
A selection of them is summarised in chronological
order in Table 1.5, but several others have been
published and used for this report.

http://climate-adapt.eea.europa.eu.
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Table 1.5

Selection of relevant reports from other organisations published since 2012

Year

Organisation

Title

Content

2013

European
Commission
(DG CLIMA)

'Impact assessment' (EC, 2013) and
underlying background reports
(McCallum, Dworak et al., 2013;
McCallum, Prutsch et al., 2013),
related to its 2013 communication
on the EU strategy on climate
change adaptation

The information on climate change impacts and
vulnerability in the impact assessment and the
background reports were, to a large extent, based
on the 2012 EEA CCIV report or on similar underlying
information sources

2013/2014

Intergovernmental Contributions of Working Groups I
Panel on Climate
and II to its Fifth Assessment Report
Change (IPCC)
(AR5; IPCC, 2013, 2014a, 2014b)

These IPCC AR5 reports are very relevant, in particular
the chapter on Europe in the Working Group II
contribution. The present report contains information
in various chapters that is based on and consistent with
information from these IPCC reports

2013

Norwegian
Extreme Weather Events in Europe:
Meteorological
preparing for climate change
Institute (NMI),
adaptation (Hov et al., 2013)
in collaboration
with the European
Academies Science
Advisory Council
(EASAC)

The report covers information about changes over time
in the probability distributions of extreme weather
events across Europe and their impacts. Some similar
and consistent information has also been included in
the present report and the related ETC-CCA technical
paper on extreme events (van der Linden et al., 2015)

2014

European
Commission (JRC)

The JRC PESETA II project (Projection of Economic
impacts of climate change in Sectors of the European
Union based on bottom-up Analysis) conducted a
consistent multi-sectoral assessment of the impacts
of climate change in Europe for the 2071–2100 time
horizon. Some results from the follow-up project
GAP‑PESETA have also been published. The present
report contains information from these and other JRC
projects in a range of chapters

1.2

Climate impacts in Europe: The JRC
PESETA II project (Ciscar et al., 2014)

Global emissions and socio-economic
scenarios

The indicators in this report are based on a wide range
of studies published in peer-reviewed academic papers
and reports of international organisations. Section 1.2.1
presents the global scenarios of greenhouse gas
emissions and associated radiative forcing that underlie
projections of climate change and impact indicators
in the subsequent chapters. Section 1.2.2 presents
global socio-economic scenarios known as shared
socio-economic pathways (SSPs) that complement the
representative concentration pathways (RCPs). More
detailed information on socio-economic scenarios
for Europe is presented in Section 6.1. Section 1.2.3
provides an overview of the data coverage and the
scenarios applied in indicators and other quantitative
projections throughout this report.

1.2.1 Global emissions scenarios
Until about 2010, most climate projections used the
storylines and the associated emissions scenarios

published by the IPCC in 2000 in the Special Report
on Emissions Scenarios (SRES) (Nakicenovic and
Swart, 2000). These SRES scenarios provide internally
consistent socio-economic storylines and greenhouse
gas emissions scenarios for four world regions. They
are 'baseline' (or 'reference') scenarios, which means
that they do not take into account specific agreements
or policy measures aimed at limiting the emission
of greenhouse gases (e.g. the Kyoto Protocol to the
UNFCCC). The SRES emissions scenarios are organised
into families, which contain scenarios that are based
on similar assumptions regarding demographic,
economic and technological development. The six
families of emissions scenarios discussed in the IPCC's
Third Assessment Report (TAR) and Fourth Assessment
Report (AR4) are A1B, A1FI, A1T, A2, B1 and B2. Based
on their cumulative emissions throughout the 21st
century, they can be broadly grouped into low (B1),
medium–low (B2, A1T), medium–high (A1B) and high
(A2, A1FI) scenarios.
The follow-up generation of scenarios to support
climate change research and assessments —
developed from 2007 to 2010 through an innovative
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collaboration between integrated assessment
modellers, climate modellers, terrestrial ecosystem
modellers and emissions inventory experts — are
called representative concentration pathways (RCPs).
The RCPs provide a consistent set of trajectories for
future atmospheric composition and land-use change
up to the year 2100.
The four RCPs are named from RCP2.6 to RCP8.5
according to their approximate radiative forcing level
in the year 2100. Extended concentration pathways
(ECPs) extend the RCPs up to 2300 based on simple
extension rules. All ECPs, including the highest, ECP8.5,
assume that very low (or even negative) emission levels
are reached by 2250 at the latest (Moss et al., 2010;
van Vuuren et al., 2011). Minor differences in radiative
forcing between the 'name' of an RCP and the values
shown in Figure 1.1 (left) are due to different definitions
of forcing (e.g. instantaneous, stratospherically
adjusted, fixed sea surface, or effective radiative
forcing) (Sherwood et al., 2015), how models implement
the various radiatively active species (e.g. prescribed
aerosol optical depth vs. prescribed aerosol
precursor emissions), and uncertainties in converting
concentrations to radiative forcing (Collins et al., 2013,
Section 12.3).
There are two key 'technical' differences between the
SRES scenarios and the RCP scenarios. One relates
to the unit applied for specifying greenhouse gas
'emissions' and the other to the link between and
socio-economic development. In the case of SRES,
each scenario provides a trajectory of anthropogenic
greenhouse gas emissions coupled with an underlying
storyline of socio-economic development. In contrast,

38

The key 'political' difference between the RCP and
SRES scenarios is that the RCPs cover the full range
of stabilisation, mitigation and baseline emissions
scenarios available in the scientific literature, whereas
all SRES scenarios are no-climate-policy scenarios.
Therefore, the range of temperature projections
between the highest and lowest RCP is larger than that
between the highest and lowest SRES scenario (see
Figure 1.1, right). Note that the highest RCP (RCP8.5) is
less extreme than the highest SRES emissions scenario
(A1FI), whereas the lowest RCP (RCP2.6), which requires
ambitious mitigation policies, lies far below the range of
the SRES scenarios (see Figure 1.1, left). As a result, the
range of projected increases in global temperature for
RCPs is smaller than the range of projections for SRES
scenarios. Owing to the differences between RCP and
SRES scenarios, the projections for global temperature
increase during the 21st century in the IPCC AR5 (0.3 to
4.8 °C, based on the RCPs) (IPCC, 2013) and in the
IPCC AR4 (1.1 to 6.4 °C, based on the SRES scenarios)
(IPCC, 2007b) are not directly comparable. Further
information on global temperature change projected
for different RCPs is available in Section 3.2.2.

Relationship between SRES scenarios and RCPs

10

4
SRES (TAR)

8

6

A1B
A1T
A1FI
A2
B1
B2

RCP (AR5)
RCP8.5
Mean surface temperature change (°C)

Rediative forcing relative to pre-industrial (W m-2)

Figure 1.1

the RCPs are scenarios of radiative forcing, which
is determined not only by direct anthropogenic
greenhouse gas emissions but also by the future
development of the global carbon cycle and other
processes. Moreover, the process of RCP development
has been separated from the socio-economic storyline
development, which means that the different RCPs are
not directly associated with a particular socio‑economic
scenario (see Section 1.2.2 for details on the
development of socio-economic scenarios alongside
the RCPs).

RCP6.0
RCP4.5
RCP2.6

4

2

0
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2040
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2080
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3

2

SRES CMIP3
AR4 AR5
A1B
A1T
A1FI
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RCP CMIP5

2010s

2040s
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RCP6.0
RCP4.5
RCP2.6
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0
2000s

2060s
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Note:

Projected radiative forcing (left) and global mean surface temperature change (right) over the 21st century using the Special Report on
Emissions Scenarios (SRES) and representative concentration pathway (RCP) scenarios.

Source:

IPCC, 2014a (Figure 1.4). © 2014 Intergovernmental Panel on Climate Change. Reproduced with permission.
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The primary characteristics of the four RCPs are as
follows:

climate-related impact assessments, which may make
them less amenable to decision‑makers.

•

RCP8.5 is a high-emissions scenario in which total
radiative forcing reaches approximately 8.5 watts
per square metre (W/m2) in 2100 and continues
to increase afterwards. Its extension, ECP8.5,
stabilises at approximately 12 W/m2 in 2250.

•

RCP6.0 is a stabilisation scenario in which total
radiative forcing is stabilised at approximately
6.0 W/m2 shortly after 2100, without overshoot,
by the application of a range of technologies and
strategies for reducing greenhouse gas emissions.

•

RCP4.5 is a stabilisation scenario in which total
radiative forcing is stabilised at approximately
4.5 W/m2 shortly after 2100, without overshooting
the long-run radiative forcing target level.

•

RCP2.6 (also known as RCP3PD) is a 'peak‑and‑decline'
scenario that leads to very low greenhouse gas
concentration levels. Its radiative forcing level first
reaches a value of around 3 W/m2 by mid-century,
and returns to approximately 2.6 W/m2 by 2100.
In order to reach such radiative forcing levels,
greenhouse gas emissions (and, indirectly, emissions
of air pollutants) are reduced substantially, leading to
net negative carbon dioxide emissions at the end of
the 21st century.

The different drivers of socio-economic change
are characterised by strong inter-linkages and
feedback loops in an increasingly interconnected
world (EEA, 2015g), which requires a consistent and
comprehensive consideration in scenario studies.
Therefore, a coherent set of five global pathways
describing potential alternative socio-economic
futures — known as shared socio-economic pathways
(SSPs) (O'Neill et al., 2014, 2015) — has recently
been developed alongside the RCPs (see previous
section). The five SSPs do not include climate policies
or the impact of climate change in their underlying
assumptions. Instead, they describe plausible future
evolutions in key socio-economic variables that
together imply a range of challenges for climate
change mitigation and adaptation (see Figure 1.2).
Each SSP consists of two main components: a
narrative storyline (i.e. a qualitative description of
potential future changes in demographics, human
development, economy and lifestyle, policies and
institutions, technology, and environment and natural
resources) and a set of quantifications for some
of the key variables (e.g. population growth, gross
domestic product (GDP), urbanisation, etc.). While the
narrative storylines have been developed by means
of a backcasting scenario approach based on expert
opinion (O'Neill et al., 2015), the quantified variables
result from various modelling exercises (Cuaresma,
2015; Dellink et al., 2015; Jiang and O'Neill, 2015;
Samir and Lutz, 2015; Leimbach et al., 2015).

Not only are climate-related risks and vulnerabilities
for geographic regions, economic sectors and people
determined by the changing physical characteristics
of the climate system, but they emerge from the
interaction between changing climatic conditions
and socio-economic changes. The development
of non-climatic factors, such as demographic,
economic, technological, environmental and political
changes, play a crucial role in assessing the future
consequences of climate change. On the one hand, the
integration of climatic and socio-economic scenarios
allows for more realistic and useful assessments
for decision-makers, as they are more likely to
cover conditions in which adaptation decisions
need to be made. This is true, in particular, if future
socio‑economic trends are fairly well understood
(e.g. certain demographic changes). Integrated
assessments also facilitate estimates of the relative
importance of various changes, such as rising sea level
versus human settlement patterns in coastal zones.
On the other hand, the inclusion of socio-economic
scenarios may further increase the uncertainty of

Figure 1.2

Socio-economic challenges for mitigation

1.2.2 Global socio-economic scenarios

The five shared socio-economic
pathways (SSPs)

SSP 5:
(Mit. Challenges Dominate)
Fossil-fueled
Development
Taking the Highway

SSP 3:
(High Challenges)
Regional Rivalry
A Rocky Road

SSP 2:
(Intermediate Challenges)
Middle of the Road
SSP 1:
(Low Challenges)
Sustainability
Taking the Green Road

SSP 5:
(Adapt. Challenges Dominate)
Inequality
A Road Divided

Socio-economic challenges for adaptation
Source:

O'Neill et al., 2015. © 2015 Elsevier. Reproduced with
permission.
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This would imply strong population growth
in developing countries and low economic
development with islands of moderate growth, but
also widespread poverty, limited environmental
concerns, and growing resource intensity and fossil
fuel use.

The primary characteristics of the five SSPs are as
follows (see also Figure 1.2 and Table 1.6):
•

•

•

SSP1, 'Sustainability — Taking the Green Road', is
characterised by low population growth associated
with educational and health improvements,
reductions in global inequality, increasingly
effective international cooperation, and increasing
environmental awareness that leads to improved
resource efficiency, a boost in green technologies
and low energy demand.
SSP2, 'Middle of the Road', assumes a development
path in which social, economic and technological
trends do not significantly differ from historical
patterns. This might lead to moderate population
growth, slow progress towards achieving
sustainability goals and the persistence of fossil
fuel dependency, as well as income inequalities.

•

SSP4, 'Inequality — A Road Divided', is
characterised by highly unequal development
across world regions and countries with
an increasing gap between industrialised,
wealthy regions with high education levels,
high technological development and moderate
economic growth, and regions characterised by low
levels of education, low economic development,
weak institutions and increasing social unrest.

•

SSP5, 'Fossil-fuelled Development — Taking the
Highway', is characterised by rapid economic,
technological and social development that is driven
by increasingly integrated global markets, and
based on the strong exploitation of fossil fuels and
resource-intensive lifestyles. Global population
growth peaks and declines in the 21st century.

SSP3, 'Regional Rivalry — A Rocky Road', assumes
increased nationalism, regional conflict, weak
international cooperation and more authoritarian
forms of government in parts of the world.

Table 1.6

Summary of assumptions of SSPs for selected variables
SSP1

SSP2

SSP3

SSP4

SSP5

Main objective

Global
sustainability

Not defined

National security

Security

Economic growth

Population growth

Relatively low

Medium

High/low (*)

Relatively
high/low (*)

Relatively low

Urbanisation

High

Medium

Low

High/medium (*)

High

Education level

High

Medium

Low

Low/medium (*)

High

Equity

High

Medium

Low

Medium

High

Economic growth

High/medium (*)

Medium, uneven

Slow

Low/medium (*)

High

International
cooperation

Effective

Relatively weak

Weak, uneven

Effective (for small
elite only)

Effective (but no
environmental
focus)

Institutions

Effective (all levels)

Uneven, modest
effectiveness

Weak (global),
strong (national)

Effective (for small
elite only)

Effective (focus
competitiveness)

Technological
development

Rapid

Medium, uneven

Slow

Rapid (high-tech
sectors only)

Rapid

Carbon intensity

Low

Medium

High (regions with
large domestic
resources

Low/medium (*)

High

Environment

Improving
conditions

Continued
degradation

Serious
degradation

Degrading/
highly managed (*)

Highly engineered

SRES

B1 (A1T)

B2

(A2)

A2

A1FI

Note:

(*) T
 he information to the left of the slash refers to high-fertility countries (i.e. mostly developing countries) and the information to the
right of the slash refers to rich Organisation for Economic Co-operation and Development (OECD) countries (KC and Lutz, 2015).
The bottom row with information on 'matching' SRES scenarios is only indicative, and some 'matches' are closer than others.

Source:
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Adapted from van Vuuren and Carter, 2014; O'Neill et al., 2015.
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There is faith that environmental impacts can be
managed effectively as technological development
progresses.
The new scenario framework of RCPs and SSPs allows
climate researchers to develop complex integrated
scenarios that consider future changes in both climate
and society, in order to systematically investigate the
future consequences of climate change and of various
mitigation and adaptation options (van Vuuren et al.,
2014).
There is no direct link between RCPs and SSPs. However,
achieving low greenhouse gas emissions pathways
compatible with low RCPs (e.g. RCP2.6 and RCP4.5) is
easier for some SSPs (e.g. SSP1 and SSP4) than for others
(e.g. SSP5 and SSP3) (see Figure 1.2). Suggestions have
been made for mapping the new scenario framework
composed of RCPs and SSPs on to the earlier SRES
storylines and emissions scenarios, as well as scenarios
from other global environmental assessment studies

(see last row of Table 1.6) (van Vuuren et al., 2012; O'Neill
et al., 2014; van Vuuren and Carter, 2014).

1.2.3 Data coverage of indicators and scenarios
Most of the publications underpinning the indicators in
this report use generally available emissions scenarios
such as the 'old' SRES and the 'new' RCP scenarios,
but there is inevitably variation in the choice and
use of emissions scenarios and climate model runs
in the studies underpinning individual indicators.
Table 1.7 gives an overview of the data availability for
all indicators and for other quantitative projections
in this report including, among others, the emissions
scenarios and climate models that were used. It
also shows that only a limited number of impact,
vulnerability and risk assessments have considered
climate change along with other socio-economic
developments. Further information on socio-economic
scenarios for Europe is presented in Section 6.1.
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Table 1.7

Section Indicator/topic

Past trends
(longest time
series)

Projections

Emissions
scenarios

Climate models

Socioeconomic
scenarios

3.2.2

1850–2015

2080s

RCP4.5/8.5

1960–2015
1960–2015

2030s, 2080s
2080s

RCP4.5/8.5
RCP8.5

3.2.5

Heavy precipitation

1960–2015

2080s

RCP8.5

3.2.6

Wind storms

–

2080s

A1B

RCM ensemble
(EURO-CORDEX)
GCM ensemble
RCM ensemble
(EURO-CORDEX)
RCM ensemble
(EURO-CORDEX)
9 GCM and 11 RCM
ensemble

–

3.2.3
3.2.4

Global and European
temperature (*)
Heat extremes
Mean precipitation

3.2.7
3.3.2

Hail
Arctic and Baltic
sea ice (*)

1951–2010
Arctic:
1979–2016
Baltic:
1719–2016
1992–2015

–
Up to 2100

All RCPs

GCM ensemble

–

1946–2014
1922–2015
1988–2014
1957–2013
1870–2015

Up to 2100
Up to 2100
Up to 2100
–
–

RCP4.5/8.5
All RCPs
All RCPs

14 GCM ensemble
GCM ensemble
GCM ensemble

–
–
–

1958–2014

–

1906–2012
Global:
1880–2015
European:
1970–2014
1963–2000
1980–2010

–
Global:
2081–2100
European:
2081–2100
2080s
2006–2035,
2036–2065,
2066–2095
Meteorological:
2050s, 2080s
Hydrological: 2080s

All RCPs, A1B

GCM ensemble

–

RCP4.5

GCM ensemble

–

A1B
RCP8.5

4 GCMs and 7 RCMs
7 RCM ensemble

–
–

RCP4.5/8.5

RCM ensemble

–

A1B

12 GCM ensemble

Economy
First

–
2030s
–

A1B

12 RCM ensemble

–

–

2050, 2100

A2, B1

HadCM3

SEDG, GRAS

–

2100

A1B

6 RCM ensemble

–

1980–2013

2080s

A1B

RACMO2 driven by
ECHAM5

–

1980–2013

–

1991–2015
1987–2010

–
–

Up to 2016

Chikungunya:
2020s, 2050s,
2080s

A1B, B1

COSMO-CLM

–

West Nile Virus:
2025, 2050

A1B

CCSM3

–

3.3.3
3.3.4
3.3.5
4.1.2
4.1.3
4.1.4
4.1.5
4.1.6
4.2.2

Greenland and Antarctic
ice sheets
Glaciers
Snow cover
Ocean acidification
Ocean heat content
Sea surface
temperature (*)
Distribution shifts of
marine species
Ocean oxygen content
Global and European sea
level (*)

4.3.2
4.3.3

River flows
River floods

4.3.4

Meteorological and
hydrological droughts

4.3.5
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
5.1.3

5.2.3
5.2.4
5.2.5
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Data coverage of indicators and other quantitative projections

Water temperature
Soil moisture
Phenology of plant and
animal species
Distribution shifts of
plant and animal species
Forest composition and
distribution
Forest fires
Economic losses
from climate-related
extremes (*)
Floods and health
Extreme temperatures
and health
Vector-borne diseases

Meteorological:
1950–2012
Hydrological:
1963–2000
1911–2014
1951–2012
1982–2011

–
–
–
–

–
–
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Table 1.7

Data coverage of indicators and other quantitative projections (cont.)

Section Indicator/topic

Past trends
(longest time
series)

Projections

Emissions
scenarios

Climate models

Socioeconomic
scenarios

5.2.6

1982–2010

Vibriosis: 2050

–

–

–

1985–2014

–

1985–2014
–

–
Winter wheat: 2030
Crop mix: 2050s
Wheat: 2060
2015–2045
–

RCP8.5
A1B
RCP8.5
RCP8.5

2 GCMs
12 GCM ensemble
16 GCM ensemble
2 GCMs

–
–
–
–

RCP2.6/8.5

GCM ensemble

–

RCP2.6/8.5

GCM ensemble

–

A1B
A1B, A2, B1,
B2

2 GCMs
5 GCMs

–
We are the
world,
Should I stay
or should
I go
–

5.3.2
5.3.3
5.3.4

Water- and food-borne
diseases
Growing season for
agricultural crops
Agrophenology
Water-limited crop yield

5.3.5
5.4.2

Crop water demand
1995–2015
Heating and cooling
1951–2014
degree days
Quantitative projections not presented in indicator format
3.1.4
Changes in global and
Global:
European temperature
2081–2100
and precipitation
European:
2040s, 2080s
4.4.7
Forest pests and diseases
2080s
4.5.3
Climate change
2050s
assessments of
ecosystem services

5.6.2

Tourism climatic index

2080s

A2

6.1.1

Projected socio-economic
developments
Projected changes in
adaptive capacity

Up to 2100

–

5 RCM ensemble
(PRUDENCE)
–

2020s, 2050s

–

–

6.2.2
6.2.3

Multi-sectoral hotspots
Multi-hazard exposure

RCP4.5/8.5
A1B

6.2.4

An ecosystem service
perspective
Projected costs of climate
change in Europe
Vulnerability to climate
change in urban regions

2 °C warming
2020s, 2050s,
2080s
2050s

10 RCMs
Different GCM-RCM
combinations
5 GCMs

6.1.2

6.3
6.6
Note:

2080s
2080s

A1B, A2, B1,
B2
A1B, E1 (ENSEMBLES)
A1B

SSP1–5
We are the
world,
Icarus,
Should I stay
or should
I go,
Riders on
the storm
–
–

4 RCMs

We are the
world, Icarus
–

12 RCM ensemble

–

This table lists only quantitative projections of future changes in the form of graphs or maps. National or sub-national projections shown
in boxes are not considered. A decade followed by 's' stands for the 30 years during which this decade is the centre (e.g. '2030s' refers
to 2021–2050). Please see note below Table 1.2 for an explanation of the colour codes of indicator names. Indicators marked with an
asterisk (*) are part of the EEA Core Set of Indicators (CSI) (8).
CCSM3, Community Climate System Model version 3; COSMO-CLM, Consortium for Small scale Modeling — Climate Limited-area Model;
ECHAM5, fifth generation of the ECHAM general circulation model; GCM, general circulation model; HadCM3, Hadley Centre Coupled
Model version 3; PRUDENCE, Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects;
RACMO2, Regional Atmospheric Climate Model version 2; RCM, regional climate model.

(8)

http://www.eea.europa.eu/data-and-maps/indicators#c5=&c0=10&b_start=0&c10=CSI.
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1.3

Uncertainty in observations and
projections

Many aspects of past and future climate change, its
causes and its impacts are well known and undisputed
by scientists (IPCC, 2013, 2014a, 2014b). Hence, there is
substantial robust information available to inform climate
change mitigation and adaptation policies. Nevertheless,
data on observed and projected climate change and its
impacts are always associated with some uncertainty.
This section discusses the main sources of uncertainty
that are relevant for this report, and how uncertainties
are addressed and communicated, in particular in the
'Key messages'.

•

Model limitations (of climate and climate impact
models) resulting from the limited resolution of
models (e.g. hampering the explicit resolution of
cloud physics), an incomplete understanding of
individual Earth system components (e.g. dynamic
ice sheet processes) or their interactions and
feedbacks (e.g. climate–carbon cycle feedbacks),
and/or an incomplete understanding of the
environmental or social system under consideration
(e.g. demographic development in flood risk
zones). A parameter to describe a key uncertainty
in global climate models is their climate sensitivity,
which refers to the change in the annual global
mean surface temperature following a doubling
of the atmospheric equivalent carbon dioxide
concentration, either at the time of doubling for a
stylised concentration scenario (transient climate
response) or in equilibrium (equilibrium climate
sensitivity).

•

Future emissions trajectories (of greenhouse gases and
aerosols) determine the magnitude and rate of future
climate change. Future emission levels depend
on demographic, economic and technological
development, as well as on international agreements
for climate change mitigation (in particular under the
UNFCCC).

Uncertainties in indicators presented in this report arise
primarily from the following sources. Some of them can,
in principle, be reduced by further research, whereas
others cannot.

•

Future development of non-climatic (socio-economic,
demographic, technological and environmental) factors
determines how a given change in climate affects
the environment and society.

•

Measurement errors resulting from imperfect
observational instruments (e.g. rain gauges)
and/or data processing (e.g. algorithms for estimating
surface temperature based on satellite data).

•

Future changes in societal preferences and political
priorities determine the importance attached to a
given climate impact (e.g. a local or regional loss of
biodiversity).

•

Aggregation errors resulting from incomplete temporal
and/or spatial data coverage. Most indicators
presented in this report combine measurements from
a limited number of locations (e.g. meteorological
observation stations) and from discrete points in time
to make aggregate statements on large regions and
for whole time periods. Such aggregation introduces
uncertainties, in particular when the measurement
network is scarce and when the indicator exhibits
large variations across space and/or time.

•

Natural variability resulting from unpredictable natural
processes within the climate system (internal climate

The relevance of the various sources of uncertainty
depends on the question to be answered. Their relative
importance depends, among others, on the target
system, the climate and non-climate factors the system
is sensitive to, and the time horizon of the assessment.
For example, uncertainty about future emissions levels
of long-lived greenhouse gases becomes the dominant
source of uncertainty for changes in global mean
temperature on time scales of 50 years or more, but
is of limited importance for short-term climate change
projections (see Figure 1.3) (Hawkins and Sutton,
2009, 2011; Yip et al., 2011; Booth et al., 2013; Monier
et al., 2014).

Note that the term 'uncertainty' is used by scientists to
refer to partial, or imperfect, information (Sense about
Science, 2013). Thus, the direction or the approximate
magnitude of a phenomenon may be known, but the
exact magnitude may not be known. For example,
a scientific projection of the change in global mean
temperature for a given emissions scenario may
report a best estimate of 3 °C, with an uncertainty
range of 2–4.5 °C. The uncertainty interval reflects
the impossibility to forecast exactly what will happen.
However, knowing that it is virtually certain that the
Earth will continue to warm and that future warming will
probably be within a certain range still provides highly
relevant information to decision-makers concerned with
climate change mitigation and adaptation.

1.3.1

44

variability; e.g. atmospheric and oceanic variability),
influencing the climate system (e.g. future
volcanic eruptions) and/or within climate-sensitive
environmental and social systems (e.g. ecosystem
dynamics).

Sources of uncertainty
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Figure 1.3
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Relative contributions of three
sources of uncertainty in modelbased climate projections of global
decadal mean surface temperature
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Note:

'Model' refers to the climate model and 'scenario' refers to
the emissions scenario.

Source:

Adapted from Hawkins and Sutton, 2009. @ 2009 American
Meteorological Society. Reproduced with permission.

Another source of uncertainty not explicitly mentioned
in the list above is the downscaling of climate or climate
impact projections. Most projections in this report
cover all of Europe (i.e. EEA member and cooperating
countries). Such a broad coverage necessarily limits the
level of detail at which regional climatic, environmental
and other features can be considered, and the spatial
resolution at which projections can be presented.
Decisions on the management of climate-sensitive
resources at the national, regional and local levels
typically require more detailed projections at a higher
spatial resolution than can be presented in this report.
Some examples of how different kinds of uncertainties
can influence the attribution of observed climate change
to specific causes as well as climate change projections
is given in Section 3.1. Further information on sources of
uncertainty can be found in the uncertainty guidance of
Climate-ADAPT (9).

1990) and by the considerable experience of the IPCC
in communicating uncertainties (Mastrandrea et al.,
2010). Over a period of more than 10 years, the IPCC has
developed and refined a 'calibrated language' to express
the confidence in and/or the likelihood of specific
findings, which is consistently applied in IPCC reports.
However, following the IPCC uncertainty guidance is
not feasible in this report, because the small number of
experts involved in its production prohibits quantitative
expert assessments of confidence and uncertainty.
Unambiguity and clarity is particularly important in
key messages, which summarise information from
the underlying indicator or section. However, the
very conciseness of key messages may prevent their
robustness and uncertainty from being characterised in
a nuanced way. Therefore, uncertainty communication
focuses on key messages, but also involves the text
underpinning them. In this report, uncertainty is
addressed in particular by choosing carefully the type
of statement and explaining the context of its validity,
choosing the appropriate level of precision, and
reporting the pedigree of a statement, including the
main factors known to affect the confidence that can
be had in a specific dataset or conclusion. These three
elements are further explained below.
Appropriate choice of type of statement
Most indicator-related key messages in this report fall
into one of the following categories:
•

observation of a climate variable;

•

observation of an impact variable (i.e. an
environmental or social phenomenon that is
sensitive to changes in climate);

•

detection of a statistically significant trend (or change
in trend) of a climate variable;

•

detection of a significant trend (or change in trend) of
an impact variable;

•

attribution of an observed change in climate to
anthropogenic factors (i.e. identifying anthropogenic
actions, in particular greenhouse gas emissions, as
the main cause of the observed change in climate);

•

attribution of an observed impact to climate change
(i.e. identifying an observed change in regional
climate, for whatever reason, as the main cause of
the observed regional impact);

1.3.2 Communicating uncertainty
The approach to describing the accuracy and robustness
of data underpinning the indicators in this report is
similar to that used in the 2012 report. It was inspired
by the NUSAP (10) approach (Funtowicz and Ravetz,

(9) http://climate-adapt.eea.europa.eu/uncertainty-guidance.
(10) The Management of Uncertainty and Quality in Quantitative Information (http://www.nusap.net).
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•

attribution of an observed impact to anthropogenic
climate change (i.e. identifying an observed change
in regional climate as the main cause of an observed
regional impact and also identifying anthropogenic
greenhouse gas emissions as the main cause of the
observed change in regional climate);

•

model-based projection of a climate variable into the
future;

•

model-based projection of a climate-sensitive impact
variable into the future;

•

identification of needs for adaptation.

One type of statement that is not fully reflected in this
list is model-based assessments of past changes in a
climate or impact variable (e.g. climate re-analysis).
Key messages are formulated so that it is clear what
type of statement they make. For the sake of clarity,
the combination of different types of statements in a
single message is generally avoided. In this context,
it is also important to carefully distinguish between
the three different types of attribution statements
(Hansen and Stone, 2015). Note that the type of
statement supported by a particular dataset may
depend on the spatial scale. For example, in the same

Figure 1.4

dataset, a significant climate trend may be detectable
at the continental scale (where year-to-year variability
is low) but not in each region (where year-to-year
variability is higher and regional factors may be
important).
Different types of statements are subject to different
sources of uncertainty (see Figure 1.4). The sources
of uncertainty generally increase from observations
and trends to attributions and projections, and from
climate variables to climate impacts and possibly to
adaptation needs. The term 'cascade of uncertainties' is
used to represent that the magnitude of uncertainties
in projections increases along the impact chain from
greenhouse gas emissions to radiative forcing, global
and regional climate change, and further to regional
climate change impacts (see, for example, Ahmad et al.,
2007).
Appropriate choice of the level of precision
The following levels of precision (or quantification) are
distinguished in key messages (ordered here from least
to most precise):
1. existence of effect (but the direction is ambiguous
or unpredictable);

Influence of key sources of uncertainty on different types of statement

Climate observation

Measurement errors

Impact observation

Aggregation errors

Climate trend
Impact trend

Natural variability

Model limitations

Climate attribution
Impact attribution
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This graphic shows how various sources of uncertainty (in orange) influence different types of statements (in black), with those on the
left related to the past and those on the right related to the future.

Source:

EEA.
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2. direction of the change or trend;
3. order of magnitude of the change (e.g. indicated
by a semi-quantitative verbal statement);
4. range or confidence interval;
5. single value (generally implying confidence in all
significant digits).
As a general rule, key messages are formulated at
the highest level of precision that is justified by the
underlying data. Furthermore, related statements
with different levels of precision (e.g. observation
vs. projection) are clearly separated to indicate the
precision of each individual statement.
Explicit information on the pedigree of information and
uncertainty
Either the key message itself or the underlying text
makes it explicit whether or not and how key sources
of uncertainty have been considered in the underlying
dataset. For example, a message on future climate
change would indicate whether one or several
emissions scenarios and one or several climate
models were considered in producing the dataset.

1.3.3 Decision-making under uncertainty
The lack of perfect information is a common feature
in all areas of science and policymaking. Therefore,
uncertainty management is an integrated part of risk
management. Decision-makers should be aware of
the degree of uncertainty associated with specific
data sources so that they can consider the range
of plausible developments in their decisions, but
uncertainties must not prevent decisions from being
made (Sense about Science, 2013).
The importance of uncertainties about climate
change and its impacts for a particular adaptation
decision depends on factors such as the time
horizon and reversibility of the decision, the relative
importance of climate factors for the decision, and
the costs of buffering the decision against uncertain
developments. For example, when uncertainties
are very large, it is often (but not always) prudent to
focus on 'no/low regrets' and 'win–win' adaptation
strategies that address adaptation to (uncertain)
climate change jointly with other societal goals,
thereby limiting the additional cost of the adaptation
component.
A detailed discussion on adaptation decision-making
under uncertainty or a review of the considerable

body of academic and applied literature on this topic
is beyond the scope of this report. Selected recent
publications focus on robust adaptation decisions
(Wilby and Dessai, 2010; Haasnoot et al., 2013), on
decision-making approaches (Hallegatte et al., 2012),
on adaptation assessment and decision-making
(PROVIA, 2013), on economic assessment approaches
(GIZ, 2013; OECD, 2015) and on practical adaptation
examples from Europe (Capela Lourenço et al., 2014).

1.4

Definitions and frameworks for
assessing vulnerability and risk

The terms 'vulnerability' and 'risk' are often used to
describe the potential (adverse) effects of climate
change on environmental, social and economic
factors, as well as on systems. These terms are
attractive, as they are intuitively understood by a large
audience and rooted in the scientific communities
that contribute to climate change assessments.
The term 'vulnerable' is also used by the UNFCCC
(UN, 1992) in the context of '(developing) countries
[that] are particularly vulnerable to the adverse
effects of climate change'. In general, use of these
terms is unproblematic if they are applied in a rather
generic, intuitive sense. However, conceptual models
of vulnerability differ between scientific communities
and are also changing over time. The resulting range
of definitions can make the interpretation of certain
statements difficult, in particular if the terms have
been used quantitatively, and it may reduce the
comparability across studies from different sources.
The two most important concepts in the climate
change context are the integrative vulnerability
concept, as presented in the IPCC's Third and Fourth
Assessment Reports (TAR and AR4), which is often
described as 'outcome vulnerability' or 'end-point
vulnerability', and the narrower vulnerability concept,
as understood by the disaster risk community.
The IPCC defined vulnerability (to climate change) in
its TAR and AR4 as '[…] a function of the character,
magnitude, and rate of climate change and variation
to which a system is exposed, its sensitivity, and its
adaptive capacity' (IPCC, 2007a). According to this
definition, vulnerability (to climate change) is an
integrated measure of the following three dimensions:
exposure, sensitivity (which together determine the
potential impacts of climate change) and adaptive
capacity (i.e. the social and economic means to
withstand climate change impacts). Vulnerability
is, therefore, interpreted as the final outcome of
an assessment that integrates biogeophysical and
socio‑economic factors. This concept has been applied
in Europe by, for example, the CLIMSAVE project and
for the assessment of urban areas (see Chapter 6).

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

47

Introduction

and current vulnerabilities are static (Downing et al.,
1999). The disaster risk approach distinguishes
clearly between two determinants of risk to a system:
exposure to a hazard (a potentially damaging
physical event, phenomenon or human activity) and
vulnerability (which denotes the relationship between
the severity of the hazard and the degree of damage
caused to an exposed element) (UN, 2004). An example
of the recent application of this concept at the
pan‑European scale is presented in Section 6.2.

Article 4.4 of the UNFCCC states that countries that
are 'particularly vulnerable' to climate change should
receive assistance for meeting the costs of adaptation.
A sensible interpretation of this term requires
consideration of the potential impacts as well as
the adaptive capacity of countries, i.e. an integrated
concept of vulnerability to climate change. However,
such integration is highly sensitive to subjective
preferences (Klein, 2009). Furthermore, the integration
of climatic, environmental, economic and political
factors into a single vulnerability score can obscure
the key reasons why a particular country (or region,
sector or population group) is more vulnerable than
another, and thus compromise the development of
effective adaptation and risk management measures.
For example, increased flood risks may be caused by
changes in extreme weather events, or by development
in flood plains, or by a combination of these (and other)
factors. The differentiation of factors behind observed
or projected increases in climate-related risks can be
facilitated by other conceptualisations of vulnerability
and risk, such as those employed by the disaster risk
community.

Additional definitions of vulnerability (and other
terms) have been developed in a range of disciplines
(e.g. ecology, epidemiology and social sciences). As
a result, different terms have been used to describe
similar concepts and the same term has been used
to describe different concepts (O'Brien et al., 2007;
Füssel, 2007; Birkmann and UNU-EHS Expert Working
Group on Measuring Vulnerability, 2013, Chapter 23).
For example, the indicators used to determine
'vulnerability' in the disaster risk context are often
quite similar to those describing the 'sensitivity' of
the system's components to climatic stimuli, and
(integrated) vulnerability in the climate change context
is sometimes used in a similar way to 'risk' in disaster
risk assessment (Costa and Kropp, 2013). In addition,
findings described as 'vulnerabilities' in some studies

Standard applications of disaster risk assessment
are primarily concerned with short-term (discrete)
natural hazards, and assume that hazards are known

Figure 1.5
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may be referred to as 'impacts' in others, and
'adaptive (or coping) capacity' in one setting may be
described as 'social vulnerability' in another.
The IPCC partially integrated the different
conceptualisations of vulnerability into its Special
Report on Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation (SREX)
(IPCC, 2012), and further developed and adjusted these
in the AR5 (IPCC, 2014a). The following points from the
AR5's glossary are noteworthy (IPCC, 2014b, Annex II:
Glossary): (1) 'vulnerability' is defined rather generally
as the 'propensity or predisposition to be adversely
affected'; (2) a similarly general definition is given for
'vulnerability index'; (3) the definition of 'outcome
vulnerability' is similar to that for 'vulnerability' in
the TAR and AR4; and (4) the definition of 'contextual
vulnerability' is closer to the vulnerability concept
applied in the social sciences and in ecology. The
glossary also contains (for the first time) an explicit
definition of 'risk', which 'results from the interaction
of vulnerability, exposure and hazard' (see Figure 1.5).
The definition also emphasises the partly subjective
nature of risk (assessment), highlighting 'consequences
where something of value is at stake […], recognizing
the diversity of values'. In summary, the predominant
definition of vulnerability and risk in the IPCC AR5 is
close to the use of these terms in the disaster risk
community, but other vulnerability definitions are also
recognised.
In line with the IPCC, the EEA accepts the existence of
various definitions and interpretations of vulnerability
and risk in climate change science and policy. The
approach in this report is, therefore, not to choose one
specific definition over another, but to use the terms
from the underlying literature, and provide further
explanation where needed.
The role of indicators in assessing vulnerability and risk
Indicator-based assessments of climate change
vulnerability and risk are of particular interest to
policymakers, as they are usually based on readily
available (statistical) data and the results can be
communicated effectively using graphical and mapbased techniques. Results from contemporary
indicator-based studies often follow the IPCC TAR/AR4
outcome-based definition of vulnerability (see above)
and combine a range of individual indicators for each
of the three components 'exposure', 'sensitivity' and
'adaptive capacity' into a single composite indicator of

'vulnerability' or 'risk' (Schröter et al., 2005; Yohe et al.,
2006; Diffenbaugh et al., 2007; Dunford et al., 2015).
The individual indicators are typically derived from
physical models (e.g. key climate variables) or taken
from statistically robust data sources (e.g. income,
population, etc.).
However, composite indicators of vulnerability and
risk have received scrutiny in several reviews, some
of which have criticised the approaches because of
methodological shortcomings (Barnett et al., 2008;
Füssel, 2010; Hinkel, 2011; Tonmoy et al., 2014). Issues
highlighted as problematic include the comparability
or 'data normalisation' of individual indicators,
statistical aggregation into a single composite
indicator, and weighting of individual indicators
(i.e. importance relative to one another). It has been
argued that conceptualisations of vulnerability using
composite indicators are often constructed without
sufficient understanding of 'exposure', 'sensitivity'
and 'adaptive capacity'; their influencing factors,
interdependencies and non-linearities; spatial scale;
and fundamental relationships to vulnerability. It has
also been highlighted that underlying assumptions
and interpretations of key terms (e.g. vulnerability,
risk, etc.) are often not made explicit, and that related
uncertainties are poorly communicated (if at all).
In particular, generic indices of the vulnerability of
countries (or regions) to climate change have been
criticised as potentially misleading and inadequate in
guiding climate adaptation investments, as they lack
sector- or hazard-specific information.
Despite these shortcomings, composite indicators of
vulnerability and risk remain attractive as synthesis
(communication) tools that integrate information
from multiple climatic and non-climatic stressors.
They can provide an entry point for policymakers
to discuss climate change adaptation needs, if they
are used appropriately and if they are considered in
conjunction with other information sources. It has
been argued that sector-specific, region-specific and
climate hazard-specific vulnerability indicators are
more appropriate for decision-making than highly
aggregated multi-sectoral indicators (Füssel, 2010;
Preston et al., 2011). Note that all indicators based
on sector-based assessments risk ignoring important
cross-sectoral interactions. In order to ensure
transparency, the approach in this report is to provide
further explanation and clarification about underlying
calculation methods and assumptions where composite
indicators are presented (see, for example, Section 6.2).
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2 Policy context

2.1

Global policy context

2.1.1

United Nations Framework Convention on Climate
Change

The threat of climate change is being addressed globally
by the United Nations Framework Convention on Climate
Change (UNFCCC, 1992). Its long-term objective is 'to
stabilise atmospheric greenhouse gas concentrations
at a level that would prevent dangerous anthropogenic
interference with the climate system. Such a level
should be achieved within a time frame sufficient to
allow ecosystems to adapt naturally to climate change,
to ensure that food production is not threatened and
to enable economic development to proceed in a
sustainable manner.'
Mitigation
In 1997, the Kyoto Protocol was adopted, which
legally bound the participating developed countries to
achieving greenhouse gas emissions reduction targets
by 2008–2012, the first commitment period. A number of
countries, as well as the EU, agreed to take on mitigation
commitments until 2020 for a second commitment
period running from 2013 to 2020 (UNFCCC, 2012).
In 2010, the international community agreed on the
need to reduce emissions in order to prevent global
temperature increases from exceeding 2 °C compared
with pre-industrial levels ('Cancun agreements', UNFCCC,
2010). This would require global emissions to be cut by
40 to 70 % compared with 2010 by 2050 (Edenhofer et al.,
2014).
At the Paris climate conference (COP21) in December
2015 (UNFCCC, 2015), 197 countries adopted the
first‑ever universal, legally binding global climate deal.
The agreement is due to enter into force in 2020 or
earlier, depending on the process of ratification. The Paris
Agreement aims to be a bridge between today's policies
and climate-neutrality before the end of the century, and,
with regard to mitigation, the governments agreed:
•

50

a long-term goal of keeping the increase in global
average temperature to well below 2 °C compared
with pre-industrial levels;

•

to pursue efforts to limit the increase to 1.5 °C
compared with pre-industrial levels, as this would
significantly reduce risks and the impacts of climate
change;

•

on the need for global emissions to peak as soon
as possible, recognising that this will take longer for
developing countries;

•

to undertake rapid reductions thereafter, in
accordance with the best available science.

Before and during the Paris conference, countries
submitted comprehensive national climate plans,
outlining their intended nationally determined
contributions (INDCs). These are not yet enough to keep
global warming below a 2 °C increase (UNEP, 2015), but
the agreement outlines the way to achieve this target.
The EU contribution to the international agreement is
detailed in the next section.
Adaptation
Even if the limit of a 2 °C increase (of the average global
surface temperature) is adhered to, many places on
Earth will experience a (much) higher temperature
increase, and climate change will have many impacts
across the globe. Adaptation to climate change has thus
been recognised within the UNFCCC as an important
policy pillar (with a primary focus on vulnerable
developing countries), which is complementary to the
mitigation of climate change. The current main agreed
actions within the UNFCCC regarding adaptation are
outlined below.
The UNFCCC requires all Parties to prepare and report
'National Communications' every three to five years. On
climate change impacts, vulnerability and adaptation,
the current guidance for developed countries includes
reporting on actions within the country, on assistance
provided to developing country Parties, and on
research and systematic observation. The guidance on
reporting, however, leaves much flexibility. EU Member
States as well as the EU as a whole (prepared by the
European Commission) have all reported their sixth
National Communication (UNFCCC, 2016). However,
there is limited quantitative and comparable (across
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Europe) information in these reports on climate
change impacts and vulnerability. These National
Communications have been used as background
material for this EEA indicator-based report.
The objective of the Nairobi Work Programme
(UNFCCC, 2005) is to assist all countries, but in
particular developing countries, in improving their
understanding and assessment of impacts, vulnerability
and adaptation to climate change, and in making
decisions on practical adaptation actions and measures
on a sound scientific, technical and socio-economic
basis.
In 2009, developed countries pledged to provide new
and additional resources of USD 30 billion for the
period 2010–2012 in a Fast Start Finance programme,
with balanced allocation between mitigation and
adaptation, and USD 100 billion annually by 2020.
The Cancun Agreements, adopted at the UN Climate
Conference in Mexico (UNFCCC, 2010), established
a Green Climate Fund, through which much of the
funding will be channelled. Public and private finance
provided by developed countries was estimated to be
USD 62 billion in 2014, up from USD 52 billion in 2013
(OECD, 2015). The EU and its Member States provided
EUR 7.34 billion in 'fast start finance' from public
budgets and other development finance institutions
from 2010 to 2012 and, in 2013 and 2014, these
contributions were, respectively, EUR 9.5 billion and
EUR 14.5 billion (EC, 2016a).

2.1.2 Disaster risk reduction and sustainable
development
The issue of climate change mitigation and adaptation
has increasingly become an integrated part of
economic analyses and is now a prominent element
of risk assessments for public and private bodies.
'The Global Risks Report 2016' of the World Economic
Forum (WEF, 2016) indicates that the most impactful
risk for the years to come (i.e. the risk with the greatest
potential damage) was found to be a failure of climate
change mitigation and adaptation. This is the first time
an environmental risk has topped the WEF ranking,
ahead of weapons of mass destruction (second), water
crises (third), large-scale involuntary migration (fourth)
and a severe energy price shock (fifth). The number
one risk in 2016 in terms of likelihood, meanwhile, is
large-scale involuntary migration, followed by extreme
weather events (second), a failure of climate change
mitigation and adaptation (third), interstate conflict
with regional consequences (fourth) and major natural
catastrophes (fifth).
The Third UN World Conference on Disaster Risk
Reduction (WCDRR), held in Sendai, Japan (14–18 March
2015) adopted the 'Sendai Framework for Disaster Risk
Reduction 2015–2030' (UN, 2015). The framework is
a voluntary, non-binding agreement. It includes four
priorities for action:
•

Priority 1: Understanding disaster risk.

With regard to adaptation, governments agreed at the
Paris COP21 (UNFCCC, 2015):

•

Priority 2: Strengthening disaster risk governance to
manage disaster risk.

•

to establish the adaptation goal of 'enhancing
adaptive capacity, strengthening resilience and
reducing vulnerability to climate change';

•

Priority 3: Investing in disaster risk reduction for
resilience.

•
•

to strengthen societies' ability to deal with the
impacts of climate change;

Priority 4: Enhancing disaster preparedness for
effective response and to 'Build Back Better' in
recovery, rehabilitation and reconstruction.

•

to engage in national adaptation planning
processes;

•

to provide continued and enhanced international
support for adaptation to developing countries.

The EU and developed countries outside the EU will
continue to support climate action to reduce emissions
and build resilience to climate change impacts in
developing countries. Other countries are encouraged
to provide or continue to provide such support
voluntarily. Developed countries intend to continue
their existing collective goal to provide USD 100 billion
per year until 2025 when a new collective goal will
be set.

The framework includes seven targets intended to
drive progress on protecting human beings and
assets from extreme weather, and other natural and
man‑made hazards. These targets aim to reduce
global disaster mortality, the number of affected
people globally, direct disaster economic loss, disaster
damage to critical infrastructure and disruption of
basic services; to increase the number of countries
with national and local disaster risk reduction
strategies; to enhance international cooperation to
developing countries; and to increase the availability
of and access to multi-hazard early warning systems
and disaster risk information and assessments. The
framework acknowledges climate change as 'one of
the drivers of disaster risk'.
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In addition, the 2030 Agenda for Sustainable
Development, agreed in 2015 (UN, 2016), has
17 overarching Sustainable Development Goals (SDG)
and within each a range of targets (11). The following
goals are most relevant regarding climate change
adaptation (and also disaster risk reduction):

•

20 % improvement in energy efficiency compared
with baseline.

The 2030 climate and energy framework proposes three
key targets for 2030 (meeting at least these levels):
•

−− Goal 2: End hunger, achieve food security and
improved nutrition and promote sustainable
agriculture.

40 % cut in greenhouse gas emissions (from 1990
levels);

•

27 % of EU final energy consumption from
renewables;

−− Goal 11: Make cities and human settlements
inclusive, safe, resilient and sustainable.

•

27 % improvement in energy efficiency compared
with baseline.

−− Goal 13: Take urgent action to combat climate
change and its impacts, acknowledging that
the UNFCCC is the primary international,
intergovernmental forum for negotiating the global
response to climate change.
−− Goal 14: Conserve and sustainably use the oceans,
seas and marine resources for sustainable
development.
−− Goal 15: Protect, restore and promote sustainable
use of terrestrial ecosystems, sustainably manage
forests, combat desertification, halt and reverse land
degradation, and halt biodiversity loss.

2.2

Mitigation at EU level

The EU climate change mitigation policy has targets for
reducing its greenhouse gas emissions progressively up
to 2050. Key relevant EU policies are the legally binding
2020 'climate and energy package' (included in EC, 2010),
which comprises the EU Effort Sharing Decision (EU,
2009) and the revised EU emissions trading scheme; the
2030 'framework for climate and energy policies' (not yet
adopted); and the 2050 low-carbon roadmap (EC, 2011).
The Effort Sharing Decision establishes binding annual
greenhouse gas emissions targets for Member States for
the period 2013–2020. These targets concern emissions
from most of the sectors that are not included in the EU
Emissions Trading System. The 2020 package is a set
of binding legislation to ensure that the EU meets its
climate and energy targets for 2020:
•

20 % cut in greenhouse gas emissions (from 1990
levels);

•

20 % of EU final energy consumption from
renewables;

These targets are defined to put the EU on track to
achieving its transformation into a low-carbon economy,
as detailed in the 2050 low-carbon roadmap, which aims
to cut EU greenhouse gas emissions by 80 to 95 % by
2050.
The EU tracks its progress on cutting emissions through
regular monitoring and reporting (EC, 2016b). All EU
Member States are required to monitor their emissions
under the EU's greenhouse gas monitoring mechanism,
which sets the EU's own internal reporting rules on the
basis of internationally (UNFCCC) agreed obligations.
According to an EEA report, the EU is on track towards its
2020 climate targets (EEA, 2015b). The report also shows
that, to achieve the EU's longer term goals for 2030 and
2050, new policies are required and more fundamental
change is needed in the way the EU produces and uses
energy in Europe.

2.3

Adaptation at EU level

The EU strategy on adaptation to climate change
(EC, 2013a) aims to make Europe more climate-resilient.
Taking a coherent approach by complementing the
activities of Member States, it promotes adaptation
action across the EU, ensuring that adaptation
considerations are addressed in all relevant EU policies
(mainstreaming), promoting greater coordination,
coherence and information-sharing and supporting
climate-resilient sustainable development. This section
aims to provide information regarding the EU Adaptation
Strategy and its implementation, including ongoing and
planned actions beyond the detailed information that
was provided in the sixth National Communication.
In 2013, the European Commission adopted the
communication 'An EU Strategy on adaptation to
climate change', which includes several elements

(11) https://sustainabledevelopment.un.org/topics.
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to support Member States in adaptation: providing
guidance and funding, promoting knowledge
generation and information-sharing, and enhancing
resilience of key vulnerable sectors through
mainstreaming. In addition, the 7th Environment
Action Programme (EAP) to 2020, 'Living well, within
the limits of our planet' (EU, 2013a), contains nine
priority objectives, of which Objective 1, 'To protect,
conserve and enhance the Union's natural capital', and
Objective 2, 'To safeguard the Union's citizens from
environment‑related pressures and risks to health and
well-being', are particularly relevant for climate change
adaptation.
The EU and its Member States regularly submit — in
line with their commitments under Article 4.1b of
the Convention — information on adaptation actions
through National Communications and other existing
reports under the UNFCCC. The latest National
Communication of the EU, as well as individual National
Communications of its 28 Member States, can be found
on the UNFCCC website (UNFCCC, 2016).

States' level of readiness and aims to review the
steps in adaptation policymaking, comprising
preparing the ground for adaptation, assessing risks
and vulnerabilities, identifying adaptation options,
implementing adaptation action, and monitoring and
evaluation.
•

In 2015, Member States provided reports on their
adaptation activities within the EU climate monitoring
and reporting system (the Monitoring Mechanism
Regulation; EU, 2013b), including information on
Member States' national adaptation planning and
strategies, outlining their implemented or planned
actions to facilitate adaptation to climate change.
The information reported has been incorporated
into the country pages of Climate‑ADAPT (13) (see also
Objective 2 below).

•

Evaluation: in 2017–2018, the European Commission
will assess whether action being taken in the
Member States is sufficient and consider whether
additional measures would be needed. In 2018, the
Commission will report to the European Parliament
and the Council on the evaluation of the EU Strategy
on adaptation to climate change and propose its
review if needed. The report will include information
on progress by Member States, including an updated
scoreboard, progress in mainstreaming (e.g. within
EU policies and the use of EU funds), and new
knowledge and demands.

•

Action at local level: the Covenant of Mayors Initiative
on Adaptation to Climate Change (Mayors Adapt) (14),
which was recently merged with the Covenant of
Mayors for Climate & Energy and Mayors Adapt (15),
is an initiative whereby European cities sign up
to contribute to a more climate-resilient Europe
by developing local adaptation strategies and
reviewing the outcomes on a biannual basis. More
than 120 European cities or provinces have already
committed, and the Commission is aiming to have at
least 200 cities committed to the initiative by 2017.

•

The LIFE Programme (EU, 2014) is the EU's financial
instrument supporting environmental, nature
conservation and climate action projects in the
EU Member States. Yearly calls for proposals with
adaptation-relevant priorities have been launched
since 2014. Funding can be used for adaptation
activities in vulnerable areas in Europe.

EU Adaptation Strategy — Objective 1: promoting action
by Member States
All EU Member States are encouraged to adopt,
implement and review comprehensive adaptation
strategies.
•

•

•

Full EU coverage: as of May 2016, 20 Member States
(and three further EEA member countries) (12)
have adopted adaptation strategies/action plans.
Several Member States are in the process of
either planning or reviewing their adaptation
strategies and action plans based, inter alia, on the
European Commission guidelines prepared for the
formulation of adaptation strategies (EC, 2013b).
For further information, see Section 2.4.
Governance: the European Commission facilitates
policy coordination and cooperates with Member
States through regular meetings of a Working
Group on Adaptation. Participants in this group are
national contact points on adaptation appointed by
the Member States.
Monitoring: the European Commission proposed
in 2015 an 'adaptation preparedness scoreboard',
which identifies key indicators for assessing Member

(12) Austria, Belgium, the Czech Republic, Denmark, Finland, France, Germany, Hungary, Ireland, Italy, Lithuania, Malta, the Netherlands, Poland,
Portugal, Romania, Slovakia, Spain, Sweden and the United Kingdom. In addition, Norway, Switzerland and Turkey have adopted adaptation
strategies/action plans.
(13) http://climate-adapt.eea.europa.eu/countries.
(14) http://mayors-adapt.eu.
(15) http://www.covenantofmayors.eu/index_en.html; https://ec.europa.eu/energy/en/news/cities-unite-energy-and-climate-action-new-integratedcovenant-mayors-launch.
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EU Adaptation Strategy — Objective 2: better informed
decision-making
The EU Adaptation Strategy promotes better informed
decision-making by addressing gaps in knowledge
about adaptation through various channels.
•

•

Horizon 2020 (18), the EU Framework Programme
for Research and Innovation, aims to dedicate 35 %
of funds to climate-related research, including
adaptation. The programme addresses knowledge
gaps such as those identified in the EU Adaptation
Strategy, including the development and testing
of decision-making support tools, monitoring
systems for adaptation, resilient infrastructures,
and the integration of climate change adaptation
in sectoral research (health, water, etc.) (see also
Chapter 7).

•

Currently the Copernicus climate change service,
the EU programme on observations and climate
services to support climate change policymaking,
is under development with the operational service
scheduled to start around 2018.

(16)
(17)
(18)
(19)
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Climate-ADAPT, the European Climate Adaptation
Platform (16), aims to support Europe in adapting
to climate change and helps users to access and
share information on, for example, current and
future vulnerability of regions and sectors, national
and transnational adaptation strategies, case
studies, potential adaptation options, and tools
that support adaptation planning. Currently, it
contains more than 1 500 adaptation resources
in its database, as well as adaptation information
relevant to all EU policy sectors, information on
countries' adaptation policies and actions, and
information on EU funding sources. The platform
is continuously updated. In 2015, information on
urban adaptation was improved in collaboration
with the Mayors Adapt initiative. In addition,
links with relevant other platforms including
transnational, national and local adaptation
portals are continuously improved. In the future,
information from research projects and from
climate services (including the Copernicus climate
change service (17)) will also be enhanced.

EU Adaptation Strategy — Objective 3: climate-proofing
common EU action — promoting adaptation in key
vulnerable sectors
•

In the European Multiannual Financial Framework
(2014–2020), the EU has agreed that at least 20 % of
its budget for 2014–2020 — as much as EUR 80 billion
— should be spent on climate change-related action,
including in development cooperation programmes.
In order to facilitate Member States' efforts in
programming, principles and recommendations
regarding the integration of adaptation into common
EU funding instruments have been prepared (19).
Climate change mitigation and adaptation actions
receive more than EUR 114 billion from European
Structural & Investment Funds (ESIFs), of which
almost half — about EUR 56 billion — comes
from the European Agricultural Fund for Rural
Development. The European Regional Development
Fund and the Cohesion Fund also make a significant
contribution of about EUR 55 billion collectively.
The allocated amounts cover 25 % of the overall
ESIF budget, thus supporting the overall objective of
allocating at least 20 % of the EU's overall budget for
climate action (see above) (EC, 2015).

•

Under the requirements of the Water Framework
Directive (EC, 2000), Member States were due to
present River Basin Management Plans by December
2015. These plans will be assessed by the European
Commission and the results of the assessment will
be published at the latest by the end of 2018. Climate
change considerations and adaptation strategies will
be looked at both in the plans and in the definition of
the programmes of measures. The Floods Directive
(EC, 2007) required Member States to carry out
a preliminary assessment by 2011 to identify the
river basins and associated coastal areas at risk of
flooding. For such zones, Member States needed
to draw up flood risk maps by 2013 and establish
flood risk management plans focused on prevention,
protection and preparedness, and report these by
March 2016. Climate change should be taken into
account. The European Commission will assess these
plans and report on the results by the end of 2018 at
the latest.

•

One of the main objectives of the EU Common
Agricultural Policy (CAP) 2014–2020 is to promote the
sustainable management of natural resources and
climate action. The CAP integrates environmental

http://climate-adapt.eea.europa.eu.
http://www.copernicus.eu; http://www.copernicus.eu/main/climate-change.
http://ec.europa.eu/programmes/horizon2020.
These principles and recommendations have been prepared for the European Maritime and Fisheries Fund, for programmes and investments
of Cohesion Policy and for rural development programmes; see http://ec.europa.eu/clima/policies/adaptation/what/documentation_en.htm.
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and climate change concerns by rewarding the
introduction of practices that are beneficial for
the environment and climate, by setting minimum
targets for measures concerning environment and
climate-related investments, and by promoting
Member States' action towards the preservation
of ecosystems and supporting a climate-resilient
economy. Adaptations to the implementation
and/or design of the CAP might occur as a follow-up
to the mid-term report on implementation foreseen
in 2017.

2.4

Adaptation at country level

This section provides a brief overview of adaptation
actions undertaken at the level of individual EU Member
States. It is based on the 2014 EEA report on national
adaptation processes (EEA, 2014), reporting in 2015 by
all 28 Member States under Article 15 of the Monitoring
Mechanism Regulation, and the sixth UNFCCC National
Communications of the EU Member States.
National adaptation strategies and plans, and
monitoring, reporting and evaluation
To date, 23 European countries (20 EU Member
States and three further EEA member countries) have
adopted a national adaptation strategy (NAS) and 12
have developed a national adaptation plan (NAP) (see
Map 2.1). More than half of European countries have
made progress in identifying and assessing adaptation
options.

be valuable to countries with established approaches,
as well as to those just beginning to consider MRE
of adaptation. These experiences contribute to an
essential information base for countries to learn from.
Success factors for and barriers to adaptation and
knowledge gaps
Progress in adaptation depends on a number of
success factors and their interconnection. For example,
effective coordination among authorities supports the
involvement of a wide range of stakeholders by ensuring
the availability of consistent and reliable information,
and by ensuring clarity with respect to roles and
responsibilities.
Barriers to adaptation are not simply the inverse of
success factors. A lack of resources (e.g. time, money
and equipment) and uncertainties are viewed by
European countries as the most important barriers.
Uncertainties are a common feature across all levels of
advancement in policymaking. Policymaking can benefit
from embedding processes that focus on learning from
experiences, reviewing progress and policy objectives,
and encouraging innovative experimentation.
To further support adaptation in European countries,
more information is needed on the costs and benefits
of adaptation, as well as on the risks and uncertainties,
vulnerabilities at local level, and the availability of data
for monitoring and evaluation purposes (see also
Chapter 7).
Transnational cooperation

Adaptation is most often implemented by applying 'soft'
measures (e.g. providing information or mainstreaming).
The water, agriculture and forestry sectors are reported
to be the most advanced in terms of implementing
portfolios of adaptation measures at all administration
levels.
An increasing number of European countries are now
taking action on monitoring, reporting and evaluation
(MRE) of adaptation at national level (EEA, 2015a). So
far, 14 countries have systems for monitoring, reporting
and/or evaluation of adaptation in place or under
development (see Map 2.1). Most countries have so
far focused on monitoring and reporting activities. The
evaluation of adaptation policies is often at an early
stage because the implementation of adaptation has
only just begun.
Across European countries, progress on adaptation
strategies and plans varies considerably and the same
is true for MRE of adaptation. Despite these differences,
early insights from this dynamic field of practice can

Transnational cooperation in adaptation to climate
change has increased with the recognition of the
importance of adaptation as a cross-cutting policy
area. Half of European countries report considering
transnational cooperation in national adaptation policy
processes. Transnational cooperation in adaptation has
often been developed with the support of European
funding instruments, and in the context of established
cooperation forums such as European regional
conventions.
Water management is an area that has a broad
experience of transnational cooperation in the EU, and
was the first area in which adaptation to climate change
was considered, e.g. transboundary river basins or
catchment management. Coastal area management is
another common sector for transnational cooperation
and where adaptation to climate change has been
recognised as a transboundary issue, as well as
biodiversity conservation and strategies, and risk
management protocols for natural hazards.
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Map 2.1

Overview of national adaptation strategies and plans, and monitoring, reporting and
evaluation (MRE) systems in Europe
-1
10°
1
0°

0°

10°
0

60°
0°

70°
0°

Overview of national
adaptation strategies and
plans, and monitoring,
reporting and evaluation
(MRE) systems in Europe
Adaptation policy
National adaptation
strategy (NAS) and
national and/or
sectoral adaptation
plans (NAP/SAP)

60°
°

National adaptation
strategy (NAS)
MRE system of
adaptation at national
level implemented or
under development

5
50°

No policy

Outside coverage

0

500

Source:

0°
°

1000

1500 km
10°
°

20°
0

56

40
40°

Updated from EEA, 2014, 2015a.

The EU supports the development of regional
strategies (20) that involve several countries and
integrate the consideration of climate change impacts
and adaptation, e.g. for the Baltic Sea region (21),
the Danube region (22), the Adriatic and Ionian
region (23), the Alpine region (24) and the international
river basin district Rhine (25). Further information

(20)
(21)
(22)
(23)
(24)
(25)

3
30°

on macro‑regional collaborations is provided
in Section 2.5.
Valuable cooperation and exchange of experiences is
also taking place within the Interest Group on 'Climate
Change and Adaptation' (IG CCA) of the Network of
European Environmental Protection Agencies.

http://ec.europa.eu/regional_policy/en/policy/cooperation/macro-regional-strategies.
http://www.baltadapt.eu.
http://www.danube-region.eu.
http://ec.europa.eu/regional_policy/en/policy/cooperation/macro-regional-strategies/adriatic-ionian.
http://ec.europa.eu/regional_policy/index.cfm/en/policy/cooperation/macro-regional-strategies/alpine.
http://www.iksr.org/en.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Policy context

2.5

Adaptation in European
macro‑regions

There are a number of initiatives within European
macro-regions that address and embed climate
change adaptation. Specifically, those that are
supported by legal and policy instruments are detailed
below, per macro-region.

2.5.1 Arctic region
Arctic Council
The prime political body of the Arctic region
is the Arctic Council (26), which is a high-level
intergovernmental forum for cooperation,
coordination and interaction among the Arctic
states, with the involvement of the Arctic Indigenous
communities and other Arctic inhabitants. Canada,
Denmark (including Greenland and the Faroe Islands),
Finland, Iceland, Norway, the Russian Federation,
Sweden and the United States of America are
Arctic Council Member States. Arctic organisations
of indigenous peoples with an Arctic Indigenous
constituency majority are permanent participants
in the Arctic Council. The Standing Arctic Council
Secretariat is located in Tromsø, Norway. The Council's
activities are conducted in six working groups that
deal with topics ranging from climate change to
emergency response. Climate change has been
addressed, in particular, by the Arctic Monitoring
and Assessment Programme (AMAP), but, as climate
change is a cross-cutting topic, other working groups
also deal with this topic from their particular angle.
Other Arctic organisations
The members of The Nordic Council of Ministers
are Denmark, Finland, Iceland, Norway, Sweden
and the autonomous territories of the Åland Islands
(Finland), the Faroe Islands (Denmark) and Greenland
(Denmark). The Council's Arctic Co-operation
Programme 2015–2017 addresses climate change as
one of its focal areas (The Nordic Council, 2014).
The Barents Euro-Arctic Council (BEAC) is the forum
for intergovernmental cooperation specifically for the
Barents Region. The 'Action Plan on Climate Change
for the Barents Co-operation' (BEAC, 2013) was
adopted in 2013.

The Northern Forum includes sub-national or regional
governments from eight northern countries and has a
working group dedicated to water and climate change
(Northern Forum, 2016).
EU Arctic policy
The EU Arctic policy (EEAS, 2014; European Parliament,
2014) has three main policy objectives:
•

protecting and preserving the Arctic in cooperation
with the people who live there;

•

promoting the sustainable use of resources;

•

international cooperation.

There is a proposal to further develop EU Arctic policy,
including through supporting research and channelling
knowledge to address environmental and climate
change in the Arctic.

2.5.2 Baltic Sea region
Council of the Baltic Sea States
The Council of the Baltic Sea States (CBSS) is a political
forum for regional intergovernmental cooperation
working on three priority areas: regional identity, a safe
and secure region, and a sustainable and prosperous
region. The CBSS has a permanent international
Secretariat located in Stockholm, Sweden. The Expert
Group on Sustainable Development focuses in particular
on climate change in the region (CBSS, 2016).
The CBSS, as leader of the EU Strategy for the Baltic
Sea Region (EUSBSR) Horizontal Action Climate (see
below), plays a central role in ensuring coherent joint
policy development and capacity-building in this field
across the whole region. In 2014, the CBSS initiated a
policy process for strengthening dialogue, knowledge
and information exchange across national and sectoral
borders supporting the countries of the Baltic Sea
region. The aim is to expand their national climate
change adaptation strategies by establishing the Baltic
Sea region-wide Climate Change Adaptation Stakeholder
Platform (CBSS, 2014). This initiative also contributes
directly to the implementation of the EU Climate Change
Adaptation Strategy that stresses the need for closer
cooperation between the EU Member States.

(26) http://www.arctic-council.org/index.php/en.
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Baltic Marine Environment Protection Commission
The Baltic Marine Environment Protection Commission
(HELCOM) (27) is the governing body of the Convention
on the Protection of the Marine Environment of
the Baltic Sea Area (also known as the Helsinki
Commission), which includes the following members:
Denmark, Estonia, the European Union, Finland,
Germany, Latvia, Lithuania, Poland, Russia and Sweden.
Adaptation to climate change means adjustment and
development of the necessary new measures to protect
the Baltic Sea marine environment. In 2013, HELCOM
countries decided to make the assessment of regional
climate change and its implications on the Baltic Sea
ecosystem a regular, indicator-based activity.
The European Union Strategy for the Baltic Sea Region
The European Union Strategy for the Baltic Sea Region
(EUSBSR; EC, 2012) is the first comprehensive EU
strategy to target a 'macro-region' in Europe. It aims
to reinforce cooperation within the Baltic Sea region
to promote more balanced development in the area,
to contribute to major EU policies and to reinforce
integration within the region. The EUSBSR includes
programmes under EU Cohesion Policy, as well as
European Neighbourhood and Partnership Instrument
(ENPI) programmes and other financial instruments,
e.g. the European Investment Bank. The European
Council, the European Commission and the High Level
Group on macro-regional strategies take the EUSBSR
into account in policy initiatives, promote dialogue
between stakeholders and contribute to reviewing and
updating the Action Plan.
Climate change was a priority in the very first action
plan of the EUSBSR in 2009 before it was incorporated
in the Horizontal Action Sustainable Development for
2013–2015. The EUSBSR called for the development
of a macro-regional approach to adaptation to climate
change. In response, the EUSBSR flagship project
'Baltadapt' developed a 'Strategy for Adaptation
to Climate Change in the Baltic Sea Region' and an
accompanying Action Plan with recommended actions
for transnational cooperation (28). Another outcome
of the project was the climate adaptation information
portal 'Baltic Window', which was integrated into
Climate-ADAPT.

(27)
(28)
(29)
(30)
(31)
(32)
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In the revised 2015 EUSBSR Action Plan, the continued
importance of cooperation on climate change has
been addressed by dedicating a Horizontal Action
to climate change, Horizontal Action Climate,
coordinated by the CBSS (29). It aims to reinforce
cooperation in order to deal with several challenges
by working together and promoting more balanced
development in the area. The EUSBSR also contributes
to major EU policies and reinforces integration within
the area.

2.5.3 Mountain regions: the Pyrenees
Working Community of the Pyrenees and the Pyrenees
Climate Change Observatory
The Working Community of the Pyrenees (CTP) (30)
was established in 1983 with the aim of creating a
permanent structure for cross-border cooperation in
the Pyrenees region.
In 2010, the CTP created the Pyrenees Climate Change
Observatory (OPCC) (31). The main objective of the
OPCC is to monitor and gain a better understanding
of climate change and to initiate studies and projects
to identify actions to adapt to the effects of climate
change in the Pyrenees region. The OPCC seeks to
enhance the visibility of the Pyrenees in the fields
of observation and adaptation to climate change. It
also aims to integrate the Observatory into relevant
European networks.

2.5.4 Mountain regions: the Alps
Alpine Convention
The Alpine Convention (32) is an international
treaty that was signed in 1991 by the eight Alpine
countries and by the EU, with eight protocols and
two declarations dealing with the main key sectors.
The Alpine Convention adopted a declaration on
climate change in 2006 and a Climate Change Action
Plan in 2009. The Alpine Convention issued special
publications on the topic and has taken climate
change into account in its activities and products, for
example in the fourth 'Report of the State of the Alps'
on sustainable tourism.

http://www.helcom.fi.
http://www.baltadapt.eu.
http://www.cbss.org/strategies/horizontal-action-climate.
https://www.ctp.org/index.php.
http://www.opcc-ctp.org/en/home.
http://www.alpconv.org/en/convention/default.html.
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In the period 2013–2014, the Alpine Convention
established a task force that developed the following
guidelines for climate adaptation at the local level in the
Alps:
•

'Guidelines on Local Adaptation to Climate Change
for Water Management and Natural Hazards in the
Alps (Alpine Convention, 2014b)' (33);

•

'Guidelines for Climate Change Adaptation at
the Local Level in the Alps' (Alpine Convention,
2014a) (34).

In the period 2015–2016, relevant actions conducted
by the Alpine Convention include supporting the
establishment of a virtual alpine observatory. The
Alpine Convention also endeavours to share and learn
from reference documents, studies and good practice
examples. The 'We are Alps' tour 2015 was dedicated
to disseminating examples of innovative experiences
related to the mitigation of and adaptation to climate
change.

activities in 12 regions across the Alps and a 'Climate
Adaptation Platform for the Alps' (37). Initiated by C3‑Alps,
a permanent network of the national adaptation
policymakers from all Alpine countries was established
in 2012. Acting as an informal transnational cooperation
structure, the network provides a platform for
knowledge exchange and learning between countries.

2.5.5 Mountain regions: the Carpathians
Carpathian Convention
The Carpathian Convention (38) provides a framework
for cooperation and multi-sectoral policy coordination,
a platform for joint strategies for sustainable
development, and a forum for dialogue between all
stakeholders involved. It was signed in May 2003 by
seven countries (the Czech Republic, Hungary, Poland,
Romania, Serbia, Slovakia and Ukraine).

International projects — often funded by European
instruments such as the European Transnational
Cooperation Alpine Space Programme and more
recently the LIFE Programme — also provide a major
contribution to the exchange of knowledge and
experiences in the Alps.

The Secretariat of the Carpathian Convention, located
in the Vienna office of the United Nations Environment
Programme (UNEP), supports the work of the
Convention and assists in project development and
implementation. Following the initiative by the European
Parliament, studies on climate change and adaptation
measures in the Carpathian region were performed. The
outcomes of the three projects — CARPIVIA, CarpathCC
and CARPATCLIM — raise awareness about the extent
and impacts of climate change in various sectors
in the region: forests, agriculture, water resources,
grasslands, wetlands and tourism. The key findings of
the projects are integrated into Climate-ADAPT. The
Convention established a Working Group on Climate
Change Adaptation, which will support policy proposals
in line with the EU Strategy on Adaptation to Climate
Change, and ensure proper follow-up to previous
projects. Countries agreed to further contribute to
Climate-ADAPT, providing data and information, under
the coordination of the Secretariat. The aim is to create
a specific section on the Carpathian area under the
'transnational regions' web page of Climate-ADAPT.

The C3-Alps (36) project, co-funded by the Alpine
Space Programme, has capitalised on the available
knowledge about adaptation for the Alpine region.
Its achievements include sustainable pilot adaptation

The 'Strategic Agenda on Adaptation to Climate
Change in the Carpathian Region' was adopted at the
Fourth Meeting of the Conference of the Parties to the
Carpathian Convention (COP4) in 2014. The agenda

The Alpine Convention and the EEA are cooperating to
improve the exchange of information and data and the
interoperability of their information systems.
EU Strategy for the Alpine Region
The European Commission adopted, at the end of July
2015, a Communication and an Action Plan on the
EU Strategy for the Alpine Region (EUSALP) (35). This
strategy also addresses environmental objectives,
such as the improvement of risk management and
better management of climate change, including the
prevention of major natural disasters.

(33)
(34)
(35)
(36)
(37)
(38)

http://www.alpconv.org/en/organization/groups/WGWater/Documents/guidelines CC.pdf.
http://www.alpconv.org/en/ClimatePortal/Documents/GuidelinesCC.pdf.
http://www.alpine-region.eu.
http://www.c3alps.eu.
http://www.c3alps.eu/kip.
http://www.carpathianconvention.org.
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includes recommendations for policy, institutional
change and potential priority adaptation actions. It
calls upon countries, local and regional authorities,
and other stakeholders involved to formulate policies
and design strategies to adapt to climate change
and to mitigate its adverse effects. The Carpathian
Convention Adaptation to Climate Change Working
Group started to work on the development of an
Action Plan, which will support the countries in
developing common cooperation activities and
projects under the new EU funding period 2014–2020.

2.5.6 Mediterranean region
Mediterranean Action Plan and Barcelona Convention
The Mediterranean Action Plan (MAP) (39) was adopted
in 1975. The MAP is a regional cooperative effort
involving 21 countries bordering the Mediterranean
Sea, as well as the European Union. Through the MAP,
countries aim to meet the challenges of protecting
the marine and coastal environment and to achieve
sustainable development.
In 1995, the 'Action Plan for the Protection of
the Marine Environment and the Sustainable
Development of the Coastal Areas of the
Mediterranean' was adopted to replace the plan
of 1975. At the same time, the 'Convention for the
Protection of the Marine Environment and the Coastal
Region of the Mediterranean' (Barcelona Convention,
1995), an amended version of the 1976 Barcelona
Convention, was adopted. The members of the
Barcelona Convention are now Albania, Algeria, Bosnia
and Herzegovina, Croatia, Cyprus, Egypt, the European
Union, France, Greece, Israel, Italy, Lebanon, Libya,
Malta, Monaco, Montenegro, Morocco, Slovenia, Spain,
Syria, Tunisia and Turkey.

In 2009, the Barcelona Convention adopted the
'Marrakesh Declaration', which aimed 'to promote
Mediterranean cooperation to combat the effects
of climate change in the region' and 'to implement
effective coordination to ensure the integration of
climate change issues into development policies and
ensure the strengthening of cooperation for the sharing
of experience in the field of surveillance (early-warning
systems) and the development and implementation of
adaptation and risk-management strategies'.
A 'Regional Framework for Climate Change
Adaptation in the Mediterranean' was endorsed
at the 19th meeting of members of the Barcelona
Convention (UNEP, 2016). The vision of the framework
is that, by 2025, the marine and coastal areas of the
Mediterranean countries and their communities have
increased their resilience to the adverse impacts
of climate variability and change, in the context of
sustainable development. According to the framework,
this will be achieved through common objectives,
cooperation, solidarity, equity and participatory
governance. Members are urged to translate the
framework into actions and to take it into account and
address it in their national and local integrated coastal
zone management and climate change adaptation
strategies and plans.
The Union for the Mediterranean, a multilateral
partnership created in 2008 and consisting of the 28 EU
Member States and 15 other Mediterranean partner
countries, established a Climate Change Expert Group
in 2014 (40). Its activities support the UNEP Framework
for Climate Change Adaptation in the Mediterranean.
The Expert Group acts as a regional dialogue platform,
showcasing relevant initiatives, programmes and
structures, including stakeholders, the private sector
and various levels of governance, in both mitigation
and adaptation.

(39) http://www.unepmap.org/index.php-.
(40) http://ufmsecretariat.org/ufm-climate-change-expert-group.
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3 Changes in the climate system

This chapter describes observed and projected changes
in key components of the climate system. Section 3.1
gives an overview of the human influence on the
Earth's climate, primarily as a result of the emission
of greenhouse gases. Section 3.2 presents several
indicators of changes in the atmosphere, such as
temperature and precipitation. Section 3.3 presents
several indicators of changes in the cryosphere, such
as ice and snow cover. The hydrosphere is another
key component of the climate system. Changes in the
ocean and its impacts on the marine environment are
presented jointly in the following chapter in Section 4.1.
Changes in freshwater systems are described in
Section 4.3.

3.1

Human influence on the climate
system

3.1.1 The climate system
Climate is the statistical description (averages, trends,
magnitude and variability) of the climate system
over a long time period (usually at least 30 years).

The climate system is a highly complex system that
includes five major components: the atmosphere
(see Section 3.2), the cryosphere (see Section 3.3), the
hydrosphere, the upper lithosphere and the biosphere
(see Chapter 4).
The Earth's climate system is powered by the incoming
solar shortwave radiation (SWR), which is nearly in
balance with the outgoing longwave radiation (LWR).
Of the incoming solar SWR, about half is absorbed
by the Earth's surface; the rest is reflected back to
space or absorbed in the atmosphere (Figure 3.1).
The energy absorbed by the Earth's surface warms
it and is then emitted as LWR (terrestrial radiation)
back to the atmosphere, where it is partly absorbed
by certain radiatively active atmospheric constituents:
water vapour, carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), other greenhouse gases, clouds
and (to a small extent) aerosols. These constituents
also emit LWR in all directions and the component
emitted downwards adds heat to the lower layers of
the atmosphere and to the Earth's surface, further
warming it. This is called the greenhouse effect (for
details, see Cubasch et al., 2013).

Key messages
• The current average annual concentration of CO2 in the atmosphere is close to 400 parts per million (ppm), which is the
highest level for at least the last 800 000 years and about 40 % higher than the pre-industrial levels.
• Even if anthropogenic emissions of CO2 and other greenhouse gases were to fall to zero in the very near future, the
atmospheric residence time of greenhouse gases and the dynamics of the climate system would lead to further
anthropogenic climate change for many decades, with rising temperatures, changing precipitation and drought patterns,
more frequent and longer heat waves, and changes in other extreme climate events; sea levels would continue to
increase for several centuries.
• The length and quality of meteorological records differs substantially across Europe and globally. Short records limit the
detection of any long-term trends in extreme climate events. However, recent progress in extreme event attribution has
provided increasing evidence that anthropogenic climate change has substantially increased the probability of various
extreme weather events.
• The length, frequency and intensity of record-breaking temperature events is projected to increase on a global scale and
within Europe. Furthermore, available climate projections agree that the frequency of heavy precipitation and droughts
will increase in many areas in the 21st century.
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Figure 3.1

The Earth's energy balance and the drivers of climate change
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The radiative balance between incoming SWR and outgoing LWR is influenced by global climate 'drivers'. Natural fluctuations in solar
output (solar cycles) can cause changes in the energy balance (through fluctuations in the amount of incoming SWR). Human activity
results in the emission of gases and aerosols, which modifies the amount of outgoing LWR. Surface albedo (reflection coefficient) is
changed by changes in vegetation or land surface properties, snow or ice cover, and ocean colour. These changes are driven by natural
seasonal and diurnal changes (e.g. snow cover), as well as human influence.

Source:

Adapted from IPCC, 2013a (Figure 1.1). @ 2013 Intergovernmental Panel on Climate Change. Reproduced with permission.

3.1.2 Drivers of climate change
Climate change refers to a change in the state of the
climate that can be identified (e.g. by using statistical
tests) and that persists for an extended period, typically
for at least a few decades or longer (IPCC, 2013a).
Climate change can be caused by natural external
forcings (e.g. modulations of the solar cycles and
volcanic activity) and by anthropogenic forcings
(e.g. changes in the composition of the atmosphere
or in land use). The main way through which
humans are affecting the climate is by increasing the
concentration of greenhouse gases in the atmosphere.
This is a result of emissions caused by the burning
of fossil fuels (for electricity production, transport,
industry, commercial and residential activities),
deforestation, agricultural practices, and land-use, and
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forest management practices. The current average
annual concentration of CO2, the most important
anthropogenic greenhouse gas, is close to 400 parts
per million (ppm), which is the highest level it has been
over at least the last 800 000 years and about 40 %
higher than the levels in the pre-industrial period of
the mid-18th century (Figure 3.2). Since the start of the
industrial era at the beginning of the 19th century, the
overall effect of human activities on climate has greatly
exceeded the effects on climate due to known changes
in natural processes (e.g. changes in solar SWR) on
comparable time scales.
In addition to long-term climate change, the climate is
varying as a result of natural internal processes, such as
El Niño–Southern Oscillation (ENSO), the North Atlantic
Oscillation (NAO) and the Pacific Decadal Oscillation
(PDO).

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Changes in the climate system

Figure 3.2

Atmospheric CO2 concentrations for the last 800 000 years and since 1959
CO2 concentration in the atmosphere since 1959
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Source:

Luthi et al., 2008; US EPA, 2015.

3.1.3 Observed climate change and its attribution to
specific causes
Since the 1850s, almost the entire land and sea
surface has warmed, although not uniformly, as land
areas show more warming than oceans. According
to the World Meteorological Organization (WMO),
2015 was the warmest year on record, which 'broke
all previous records by a strikingly wide margin'
(WMO, 2016). The total increase in global average
land and ocean near-surface temperature in 2015 was
around 1 °C compared with the pre-industrial period
(see Section 3.2.2 for details). Increased temperatures
have led to the melting of the Greenland ice sheet,
Arctic sea ice, mountain glaciers and snow cover,
which are all declining rapidly (see Section 3.3 for
details). Observations also show increases in ocean
heat content in the deeper ocean (i.e. between 700 and
2 000 m and below 3 000 m) and increases in sea level
(see Sections 4.1 and 4.2 for details). Changes in global
precipitation since 1900 display both positive and
negative trends, but there are many areas that lack
robust long-term measurements (IPCC, 2013a).
In Europe, 2014 and 2015 were the warmest years
on record (EURO4M, 2016) (see Section 3.2.2).

Furthermore, reconstructions show that summer
temperatures in Europe in recent decades are the
warmest for at least 2 000 years, and that they lie
significantly outside the range of natural variability
(Luterbacher et al., 2016). Several independent analyses
have concluded that, in relation to the 2014 Europe
temperature record, 98 % of the temperature increase
can be attributed to anthropogenic climate change,
which made this record 35–80 times more likely
(EURO4M, 2015; Kam et al., 2015).
Observations of climate variables are made from
measurements taken in situ (land and sea surface,
atmosphere and deep ocean), as well as remote
measurements made by satellites, lidars and
radars. Global-scale observations date back to the
mid‑19th century, with independent, comprehensive
and sustained datasets available since the 1950s.
Globally and within Europe, some regions have
shorter data records than others and, even within
Europe, not all data from weather stations are shared
freely (Map 3.1). As a result, there are large data
gaps, even in interpolated datasets (Donat et al.,
2013; Zwiers et al., 2013). In regions where many
stations with long records are available to all users,
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assessments can be more detailed than in regions
with a small number of stations or with short records.
Limited data availability is particularly detrimental for
the detection of long-term climate trends in extreme
events (see Section 3.1.5). Increased data sharing by
meteorological services would improve the accuracy
of regional climate change assessments, including
understanding of past and future climate and weather
extremes.
There is strong evidence that observed changes in
many climate variables, including extremes, can be
attributed to anthropogenic climate change (Hegerl
and Zwiers, 2011; Bindoff et al., 2013; Trenberth
et al., 2015; Stott et al., 2016; National Academies
of Sciences, Engineering, and Medicine, 2016). The
IPCC AR5 concluded that 'It is extremely likely that
human influence has been the dominant cause of
the observed warming since the mid-20th century'
(IPCC, 2013b). Furthermore, anthropogenic forcings
are very likely to be the main cause of the decline in
Arctic sea ice, and likely to be the cause of decreases
in the Greenland ice sheet and glaciers worldwide
in recent decades. Anthropogenic forcings have also
influenced the global water cycle in different ways,
including increases in record-breaking rainfall events
(Lehmann et al., 2015).

Map 3.1

3.1.4 Future climate change
Even if anthropogenic emissions of greenhouse
gases were to fall to zero in the very near future, the
dynamics of the climate system and the atmospheric
residence time of greenhouse gases (typically decades
to centuries) mean that past human activities will
influence the climate for many decades to come. This
will affect other components of the climate system,
leading to hotter and more frequent heat extremes,
the melting of snow and ice, increasing sea levels and
changing precipitation patterns, including precipitation
extremes.
Projections of precipitation and temperature from
general circulation models (GCMs) are generally the
basis for the assessment of climate change, but they
do not provide detailed information on climate change
impacts at regional or local scales (see Box 3.1).
Map 3.2 depicts the spatial patterns of changes in
near-surface temperature and precipitation using the
multi-model mean of at least 30 GCMs for the period
2081–2100 relative to 1986–2005 under the RCP2.6
scenario (low emissions scenario) and RCP8.5 scenario
(high emissions scenario) (see Section 1.2 for details).
The two scenarios show warming and changes in
precipitation across the globe, both of which are much
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This map shows stations available in the European Climate Assessment & Dataset (ECA&D) (with different lengths of records) for
daily mean temperature and daily precipitation amount. Green dots represent downloadable data and red dots represent additional
non‑downloadable data that have been used for producing gridded datasets.

Source:

Adapted from van der Schrier et al., 2013.
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more intense for RCP8.5 than for RCP2.6. The warming
is particularly strong at high latitudes. Increasing
precipitation is projected for high-latitude regions and
the equatorial Pacific, whereas decreasing precipitation
is projected for many sub-tropical and mid-latitude
regions, including the Mediterranean.

All models and both scenarios show that Europe will
become warmer in the 21st century. For the 2040s,
both scenarios (RCP2.6 and RCP8.5) show similar
changes in precipitation, and the differences are
mainly the result of model uncertainties. However,
in the 2080s, the difference between both scenarios
increases. Almost all climate models agree that
northern Europe (top of Figure 3.4) will become wetter,
in particular under the RCP8.5 scenario. Under the
RCP8.5 scenario, all models agree that southern Europe
will become drier in the 2080s (bottom of Figure 3.4).
However, under the RCP2.6 scenario, the GCMs do
not agree on the direction of changes in both future
periods.

GCMs provide guidance on the range of possible futures
for each scenario. For example, Figure 3.4 depicts key
aspects of future climate change in Europe for two
future periods and two scenarios. Key uncertainties
(see Section 1.4 for further explanation) are depicted by
showing the results for two RCP scenarios (RCP2.6 and
RCP8.5) and for several GCMs separately.

Map 3.2

Projected changes in global average surface temperature and precipitation
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RCP2.6

RCP8.5

RCP8.5

Changes in global average surface temperature (left) and precipitation (right) in 2081–2100 relative to 1986–2005 under RCP2.6
(upper panel) and RCP8.5 (lower panel)
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Source:

IPCC, 2013b (Figure SPM.8.a/b). © 2013 Intergovernmental Panel on Climate Change. Reproduced with permission.
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Box 3.1

Projecting climate change with models

Climate models, often termed general circulation models (GCMs), are numerical models that simulate the climate system at
the global scale based on the physical, chemical and biological properties of its components, their interactions and feedback
processes, and accounting for its known properties (IPCC, 2013a) (Figure 3.3). Climate models are the most advanced
tools available for modelling the state of the climate system and simulating its response to changes in atmospheric
concentrations of greenhouse gases and aerosols. Models differ in their complexity, in the number of spatial dimensions
and in the complexity of describing physical, chemical or biological processes. Climate models are evolving towards Earth
system models (ESMs), which include a representation of the carbon cycle, an interactive calculation of atmospheric CO2 or
compatible emissions, and other climatic components (e.g. atmospheric chemistry, ice sheets, dynamic vegetation and the
nitrogen cycle). The simulations of future climate depend highly on boundary conditions, which are not sufficiently known
for the future, and hence the results are highly uncertain. Most global climate change studies and assessments (including
IPCC AR5) have been using GCMs from CMIP5. These models simulate atmospheric processes at a horizontal resolution of
between 50 and 250 km and with 30 to 80 vertical layers, and the ocean processes at a horizontal resolution of between
20 and 150 km and with up to 40 vertical layers.
For more detailed regional climate impact assessments, regional climate models (RCMs) have been used. RCMs are limited
in area but can provide information on the climate in higher spatial resolution than GCMs. RCMs typically have a horizontal
resolution of between 2 and 50 km, which allows for a better representation of topographic features (e.g. mountain ranges)
and of regional-scale climate processes. As a result, they can provide more detailed projections of changes in regional
precipitation patterns, weather extremes and other climate events. The World Climate Research Programme CORDEX
(Jones et al., 2011) has developed a set of high-resolution downscaled climate data based upon the CMIP5 experiments with
various domains for different regions of the world, including Europe. The EURO-CORDEX study (Jacob et al., 2014; Kotlarski
et al., 2014) has used combinations of five different GCMs and seven different RCMs over the European region (approximate
27 °N–72 °N, 22 °W–45 °E), at a horizontal resolution of 12.5 km and representing the time period from 1951 to 2100.
As models differ in their use of numerical methods, the description of physical processes and the characterisation of climate
variability, their simulations of past and current climate show deviations from the observed climate. Furthermore, different
models provide somewhat different climate projections when forced with the same emissions scenario (see Section 1.3).
Nevertheless, the scientific community is confident that climate models provide credible quantitative estimates of future
climate change, as these models are based on fundamental physical laws and are able to reproduce the key features of
observed climate change. These projections are usually presented as a multi-model ensemble, in order to represent the
spread of possible future climate change.

Figure 3.3

Components needed for modelling climate change and its impacts
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Note:

AOGCM, atmosphere–ocean general circulation model; GHG, greenhouse gas.

Source:

EEA.

Ecosystems

Health
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Figure 3.4

Projected changes in annual temperature and precipitation for northern Europe and
southern Europe and for two time periods
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Projected changes in annual temperature and precipitation for northern and southern Europe for two time periods, relative to 1961–1990.
Each point is from a global model projection in the CMIP5 dataset (as used in the IPCC AR5) using either a high (RCP8.5: red circles) or low
(RCP2.6: green circles) forcing scenario. Only models in the CMIP5 that had projections for both scenarios were used.

Source:

UK Met Office.

3.1.5 Weather- and climate-related extreme events
Climate change is expected to lead to changes in the
frequency and strength of many types of extreme
weather and climate events (IPCC, 2012). Extreme events
(e.g. severe heat waves, extreme rainfall, droughts, etc.)
are rare by definition, which means that there are fewer
data available to analyse past changes in their frequency
or intensity. This makes extreme weather more difficult
to analyse, understand and project. Rare extreme events
tend to have the highest impact and cause the greatest
damage to natural and managed systems and to human
well-being (see Chapters 5 and 6).

Observed changes in extremes and their attribution to
climate change
Since 1950, the number, magnitude and duration of
several weather extremes have changed globally and
in Europe, and there is strong evidence that these
observed changes have generally been caused by human
activities. For example, about 75 % of the present-day
moderate daily hot extremes over land globally can
be attributed to human influence, and this fraction
increases non-linearly with further warming (Fischer
and Knutti, 2015). Furthermore, record-breaking rainfall
events have significantly increased since 1980, and this
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increase is consistent with rising temperatures (Lehmann
et al., 2015). Characteristics such as the likelihood and
magnitude of individual climate and weather extremes
(such as the heat waves in 2003 in central Europe and
in 2010 in eastern Europe) have also been attributed to
anthropogenic climate change (e.g. Stott et al., 2004; Pall
et al., 2011; Herring et al., 2014; Christidis et al., 2015).

The length, frequency and/or intensity of
record‑breaking temperature events is projected to
increase over most land areas globally and in Europe.
Furthermore, available climate projections agree that
the frequency of heavy precipitation events and/or the
proportion of total rainfall from heavy precipitation
events will increase in the 21st century over many
areas of the globe (IPCC, 2013a).

Future changes in extremes
Confidence in projecting changes in the direction and
magnitude of climate extremes depends on the type
of extreme, the region and season, the amount and
quality of observational data, the level of understanding
of the underlying processes, and the reliability of their
simulation in models. Regional climate models with
very high resolution (1–2 km grid spacing) and with
explicit representation of convection processes, which
are typically used for weather forecasting, have recently
been used for the first time for regional-scale climate
change studies. Such models are particularly beneficial
for studying precipitation changes on daily and sub‑daily
time scales, which in turn improves the accuracy of
assessing heavy precipitation, flash floods, hail and other
extreme events (Kendon et al., 2014; Montesarchio et al.,
2014; Ban et al., 2015) (see Section 3.2 for more details).
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3.1.6 Tipping elements in the climate system
Anthropogenic climate change may trigger abrupt
and/or irreversible changes in large-scale climate
systems and processes, such as polar ice sheets,
ocean circulations, carbon reservoirs and various
non‑linear feedback processes (Lenton et al., 2008;
Good et al., 2011; Hansen et al., 2016) (see, for
example, Sections 3.2, 3.3 and 4.1). These risks are
known, among others, as large-scale singularities
or tipping elements in the climate system.
A comprehensive review is available in a recent
research report (Good et al., 2014). While the risk of
tipping elements is a key reason for mitigating climate
change, their assessment is beyond the scope of this
report.
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3.2

Atmosphere

Key messages
• Three different long-term observational records show that the global average annual near-surface (land and ocean)
temperature in the decade 2006–2015 was 0.83 to 0.89 °C higher than the pre-industrial average. The year 2015 was the
warmest on record globally, at approximately 1 °C above the pre-industrial level.
• European land areas in the decade between 2006 and 2015 have warmed by around 1.5 °C since the pre-industrial age.
The years 2014 and 2015 were jointly the warmest years on record in Europe.
• Further global warming between 0.3 and 4.8 °C is projected for the 21st century, depending on the emissions scenario.
The annual average land temperature across Europe is projected to continue increasing faster than global average
temperature.
• Since 2003, Europe has experienced several extreme summer heat waves (2003, 2006, 2007, 2010, 2014 and 2015).
Such heat waves are projected to occur as often as every two years in the second half of the 21st century under a high
emissions scenario (RCP8.5). The impacts will be particularly strong in southern Europe.
• Precipitation changes across Europe show more spatial and temporal variability than temperature changes. Annual
precipitation has increased in most of northern Europe, in particular in winter, and has decreased in most of southern
Europe, in particular in summer. Heavy precipitation events have increased in northern and north-eastern Europe since
the 1960s whereas different indices show diverging trends for south-western and southern Europe. Heavy precipitation
events are projected to become more frequent in most parts of Europe.
• Observations of wind storm location, frequency and intensity have shown considerable variability across Europe during
the 20th century. However, most studies agree that the risk of severe winter storms, and possibly of severe autumn
storms will increase in the future for the North Atlantic, as well as for northern, north-western and central Europe.
• Hail is responsible for significant damage to crops, vehicles, buildings and other infrastructure. Despite improvements
in data availability, trends and projections of hail events are still subject to large uncertainties owing to a lack of direct
observation and inadequate microphysical schemes in numerical weather prediction and climate models.

3.2.1 Overview
Relevance
Changes in atmospheric composition affect
atmospheric climate variables, in particular
temperature, precipitation and wind speed, which in
turn affect almost all natural and human-managed
systems, as well as human health and well-being.
In fact, climate change is often equated with
atmospheric changes, and changes in other climate
system components, such as the hydrosphere and
the cryosphere, are often considered effects of
atmospheric changes. It is therefore not surprising
that global mean surface temperature is specifically
mentioned as a proxy for the magnitude of global
climate change in Article 2 of the UNFCCC (UN, 1992),
and that the political discussion on global climate
policy often focuses on the most appropriate value
for constraining its increase (see Chapter 2 for further
details).

While changes in annual or seasonal averages of
atmospheric climate variables are easier to monitor
and report, changes in extreme weather events
(e.g. heat waves, heavy precipitation, wind storms and
hail), which generally have the highest impact and
cause the greatest damage to humans and natural
systems, are more difficult to detect.
Selection of indicators
The following are six indicators that describe past
trends and projected changes in the most dynamic
component of the Earth's climate system: the
atmosphere.
•

Global and European temperature consists of two
parts. Global mean surface temperature is the key
climate variable to track anthropogenic climate
change. It is also the only climate variable for which
a political target exists. The average European land
temperature gives a clear signal of climate change
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in Europe that is relevant for assessing the impacts
of climate change, and for informing adaptation
planning.
•

Heat extremes can have severe impacts on society,
and they are the most deadly climatic hazard in
Europe.

•

Mean precipitation is a key climate variable with major
importance for all ecosystems and social systems.

•

Heavy precipitation can cause floods, with
considerable impacts on social-economic sectors and
ecosystem services.

•

Wind storms are a significant weather hazard that
can cause considerable damage in various parts of
Europe.

•

Hail is responsible for significant damage to
buildings, crops, vehicles and infrastructure in
affected regions. However, the local nature of hail
makes it difficult to monitor and to detect trends
using classical observational networks.

Meteorological droughts are discussed jointly with
hydrological droughts in Section 4.3.4.

Data quality and data needs
The presented atmospheric climate variables, with
the exception of hail, are a subset of the Essential
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Climate Variables (ECVs) defined through the Global
Climate Observing System (GCOS) (see Section 7.1.1).
Spatial and temporal coverage of the observed climate
variables varies significantly across the globe; it is
generally best over Europe and North America.
Regular instrumental measurements of temperature
and precipitation started around 1850; since then
monthly information about global temperature and
precipitation have become available. A dense network
of stations across the globe, and particularly in Europe,
now provide regular monitoring of key atmospheric
climate variables, using standardised measurements,
quality control and homogeneity procedures at
European level. However, even where sufficient data
are available, several problems can limit their use for
analysis. These problems are mainly connected with
1) limitations of distributing data in high spatial and
temporal resolution by many countries, 2) unavailability
of data in easy-to-use digital format, and 3) lack of data
homogeneity.
In November 2014, the European Commission signed
a Delegation Agreement with ECMWF (European
Centre for Medium-Range Weather Forecasts) for
the implementation of the Copernicus Climate
Change Service (C3S). The C3S will provide access to
information for monitoring and predicting climate
change and will, therefore, help to support adaptation
and mitigation. It benefits from a sustained network of
in situ and satellite-based observations, reanalysis of
the Earth’s climate, and modelling scenarios based on a
variety of climate projections (see Section 7.1.2).
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3.2.2 Global and European temperature

Key messages
• According to three different observational records of global average annual near-surface (land and ocean) temperature,
the last decade (2006–2015) was 0.83 to 0.89 °C warmer than the pre-industrial average, which makes it the warmest
decade on record. Of the 16 warmest years on record, 15 have occurred since 2000. The year 2015 was the warmest on
record, around 1 °C warmer than the pre-industrial level, followed by 2014.
• The average annual temperature for the European land area for the last decade (2006–2015) was around 1.5 °C above the
pre-industrial level, which makes it the warmest decade on record. Moreover, 2014 and 2015 were jointly the warmest
years in Europe since instrumental records began.
• Climate models project further increases in global average temperature over the 21st century (for the period 2081–2100
relative to 1986–2005) of between 0.3 and 1.7 °C for the lowest emissions scenario (RCP2.6) and between 2.6 and 4.8 °C
for the highest emissions scenario (RCP8.5).
• All UNFCCC member countries have agreed on the long-term goal of keeping the increase in global average temperature
to well below 2 °C compared with pre-industrial levels and have agreed to aim to limit the increase to 1.5 °C. For the three
highest of the four RCPs, global average temperature increase is projected to exceed 2 °C compared with pre-industrial
levels by 2050.
• Annual average land temperature over Europe is projected to increase by the end of this century (2071–2100 relative to
1971–2000) in the range of 1 to 4.5 °C under RCP4.5 and 2.5 to 5.5 °C under RCP8.5, which is more than the projected
global average increase. The strongest warming is projected across north-eastern Europe and Scandinavia in winter and
southern Europe in summer.

Relevance
This indicator shows absolute changes in average
annual and decadal near-surface temperature for
the globe and for a region covering Europe (41).
Near‑surface air temperature gives one of the
clearest and most consistent signals of global and
regional climate change. It has been measured for
many decades or even centuries in some locations.
Observational networks across the globe, and
especially in Europe, provide regular monitoring of
temperature using standardised measurements, quality
control and homogeneity procedures.
Global mean surface temperature is specifically
mentioned as a proxy for the magnitude of global

climate change in Article 2 of the UNFCCC (UN, 1992),
and the political discussion on global climate policy
often focuses on the most appropriate value for
constraining its increase. The agreement adopted at the
UNFCCC COP21 in Paris in December 2015 sets out a
global action plan to limit the increase in global average
temperature to well below 2 °C, with the aim to limit
the increase to 1.5 °C, compared with pre-industrial
levels (see Chapter 2 for further details).
Changes in air temperature also influence other
components of the climate system, such as sea level
and the intensity and frequency of floods and droughts.
Furthermore, temperature has a direct impact on many
natural and managed systems, such as biota and crop
productivity, and on human health and well-being.

(41) In the context of this section, Europe is defined as the area between 35 and 70 ° North and – 25 and 45 ° East.
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Box 3.2

Climate reanalysis

Reanalysis is the name given to the use of a modern data assimilation system to analyse comprehensive sets of
observations that extend back in time over multiple decades. It employs a model of the atmosphere, ocean or coupled
climate system to spread observational information in space and time, and from one variable to another. Reanalysis
produces gap-free global datasets for numerous climate variables, at higher spatial or temporal resolution than is usually
provided by directly analysing a single type of observation. This makes the datasets valuable for studying short-term
climatic processes and extreme events. The value of the information provided for longer term trends depends on the
quality and changes over time of the global observing system, on the realism of the assimilating model, and on how well
observations are combined with background information from the model, which takes into account the varying biases and
random errors of both the observations and the background information.
Smoothed time series of global and European average surface air temperatures are presented in Figure 3.5, starting from
1979, a year that followed a significant upgrade of the observing system. Differences from the 1981–2010 average are
shown for the ERA-Interim reanalysis (Dee et al., 2011). Uncertainty bars show the spread of values provided by ERA-Interim,
the Japanese 55-year Reanalysis (JRA-55) (Kobayashi et al., 2015), HadCRUT4 (Morice et al., 2012) and US National Oceanic
and Atmospheric Administration (NOAA) Global Temp (Karl et al., 2015) datasets that combine monthly temperature data
from land stations with measurements of sea-surface temperature. All datasets indicate that global temperature has risen
since the 1970s to reach values that are the highest on record.
Shorter-period fluctuations in global values are more uncertain. This is largely because the effects of sea ice changes are
better represented in the reanalyses and because sea-surface temperature analyses differ. The datasets agree quite well
across Europe, where average temperatures were high from mid-2006 to mid-2007 and have recently been high for a
prolonged spell since 2014.
Figure 3.5

Global and European average surface air temperatures from 1979 to 2015
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temperature is above and below, respectively, the average for 1981–2010. The short, darker bars provide an indication of the
uncertainty in the estimates provided by different datasets.

Source:

Copernicus Climate Change Service, ECMWF (42).

(42) For further details on the time series and maps, see http://climate.copernicus.eu/resources/data-analysis/average-surface-air-temperatureanalysis.
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Past trends: global temperature
Records of global average temperature show long-term
warming trends since the end of the 19th century,
which have been most rapid since the 1970s. Three
independent analyses of global average temperature
using near-surface observation records — HadCRUT4
(Morice et al., 2012), NOAA Global Temp (Karl et al.,
2015) and GISTEMP by the NASA Goddard Institute
for Space Studies (Hansen et al., 2010; GISTEMP team,
2016) — show similar amounts of warming. They show
warming compared with pre-industrial temperatures
(using the earliest observations from the period
1850–1900 as a proxy) of between 0.83 and 0.89 °C
for the decade 2006–2015 (Figure 3.6). This magnitude
of warming corresponds to almost half of the 2 °C
warming that is compatible with the global climate
stabilisation target of the EU and the ultimate objective
of the UNFCCC (UNFCCC, 2009). Similar estimations
of warming have also been obtained through 'climate
reanalysis' (Box 3.2). The year 2015 was the warmest
on record according to different near-surface
temperature observational analyses, with temperatures
around 1 °C above pre-industrial levels (WMO, 2016).
The year 2014 was the second warmest on record. Note
that such statements are always associated with some
uncertainty, primarily because of spatial and temporal
gaps in the data record and different interpolation
methods (Blunden and Arndt, 2015).
Furthermore, the annual temperature anomalies are
also strongly influenced by climate variability due to
natural forcings (volcanic eruptions and solar activity)
and by internal variability within the climate system
(e.g. multi-annual climate fluctuations such as the
ENSO, which influence the rate of heat uptake by the
oceans) (IPCC, 2013). Global ocean heat content has
been increasing continuously since the 1950s up to at
least 2 000 m, without showing any slow-down (see

Section 4.1). Furthermore, a recent study that uses
new datasets of the sea surface temperature and more
sophisticated interpolation methods for data-sparse
regions such as the Arctic suggests that the increase in
global average temperature since 1998 was higher than
the increase in the observed near-surface temperature
as used for the IPCC AR5 (Karl et al., 2015; Fyfe et al.,
2016). Changing the start and end years also has
an effect on the rate of change, but this is less than
the impact of newly available data and methods for
interpolation (Karl et al., 2015).
Past trends: European temperature
The average annual temperature over European land
areas increased by 1.45 to 1.59 °C in 2006–2015 relative
to the pre-industrial period; this increase is larger than
the increase in global average temperature. This makes
it the warmest decade on record (Figure 3.7). The grey
shading in Figure 3.7 shows the 95 % confidence interval,
which reflects uncertainties owing to areas without
observation stations, inhomogeneities in measurements
and biases as a result of urbanisation (van der Schrier
et al., 2013). The years 2014 and 2015 were jointly the
warmest calendar years in Europe since instrumental
records began, and anthropogenic climate change made
these record temperatures 35–80 times more likely
(EURO4M, 2015; Kam et al., 2015). Moreover, climate
reconstructions show that summer temperatures in
Europe in the last three decades (1986–2015) have
been the warmest for at least 2 000 years, and that they
lie significantly outside the range of natural variability
(Luterbacher et al., 2016).
All of Europe has warmed significantly since the 1960s
(Map 3.3). The strongest warming has been observed
over the Iberian Peninsula, particularly in summer,
and across central and north-eastern Europe. Winter
warming has been strongest over Scandinavia.
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Figure 3.6

Global average near-surface temperatures between 1850 and 2015 relative to the
pre‑industrial period
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Three sources of data are used for the mean annual change (upper panel) and mean decadal (10-year) change (lower panel) relative to the
pre-industrial period. The uncertainty ranges (values between 2.5 and 97.5 percentiles) for the HadCRUT4 dataset are represented by grey
shading.

Source:

EEA and UK Met Office, based on HadCRUT4 (Morice et al., 2012), NOAA Global Temp (Karl et al., 2015) and GISTEMP (Hansen et al., 2010).

Figure 3.7

European average temperatures between 1850 and 2015 over land areas relative to the
pre‑industrial period
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Note:

The datasets, pre-industrial periods and techniques are the same as those used in Figure 3.6.

Source:

EEA and UK Met Office, based on HadCRUT4 (Morice et al., 2012), NOAA Global Temp (Karl et al., 2015) and GISTEMP (Hansen et al., 2010).
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Map 3.3
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those that are not outlined. Significance (at the 5 % level) of the long-term trend is shown by a black dot (which is the case for almost all
grid boxes in this map).

Source:

EEA and UK Met Office, based on the E-OBS dataset (updated from Haylock et al., 2008).

Projections: global temperature
The global average temperature will continue to increase
throughout this century as a result of projected further
increases in greenhouse gas concentrations (see
Sections 1.2 and 3.1). The CMIP5 climate projections
summarised in the IPCC AR5 project that global
temperature will increase by mid-century (2046–2065
relative to 1986–2005) by 0.4–1.6 °C for RCP2.6, 0.9–2.0 °C
for RCP4.5, 0.8–1.8 °C for RCP6.0 and 1.4–2.6 °C for
RCP8.5; the warming projections for the end of the
century (2081–2100) are 0.3–1.7 °C for RCP2.6, 1.1–2.6 °C
for RCP4.5, 1.4–3.1 °C for RCP6.0 and 2.6–4.8 °C for
RCP8.5. All projections show greater warming over land
than over the oceans. Projected warming is strongest
in the Arctic at about twice the global average. These
patterns are consistent with the observations during the
latter part of the 20th century (Collins et al., 2013).

The UNFCCC target of limiting global average warming
to less than 2.0 °C above pre-industrial levels is
projected to be exceeded between 2042 and 2050 by
the three highest of the four RCP scenarios (Vautard
et al., 2014). The lowest, RCP2.6, implies a strong
reduction in greenhouse gas emissions over this
century and negligible or even negative emissions at
the end of the century (Moss et al., 2010).
Several studies have projected climate change
beyond 2100 based on the so-called extended
concentration pathways (ECPs; see Section 1.2. The
central estimates (i.e. average across models) for
global mean temperature increase by 2200, relative
to pre‑industrial levels, are between 1.3 °C for ECP2.6
and 7.1 °C for ECP8.5 (Meinshausen et al., 2011;
Collins et al., 2013).
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Projections: European temperature
Temperatures across Europe are projected to continue
increasing throughout this century. Projections from
the EURO-CORDEX initiative suggest that European
land areas will warm faster on average than global land
areas (Jacob et al., 2014). According to the multi-model
Map 3.4

ensemble mean, European land areas are projected to
warm in the range of 1 to 4.5 °C for the RCP4.5 scenario
and in the range of 2.5 to 5.5 °C for RCP8.5 over the
21st century (2071–2100 compared with 1971–2000)
(Map 3.4). The strongest warming is projected over
north-eastern Europe and Scandinavia in winter and
over southern Europe in summer.

Projected changes in mean annual, summer and winter temperature for the forcing
scenarios RCP4.5 and RCP8.5
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This map shows projected changes in mean annual (left), summer (middle) and winter (right) near-surface air temperature (°C) in
the period 2071–2100 compared with the baseline period 1971–2000 for the forcing scenarios RCP4.5 (top) and RCP8.5 (bottom).
Model simulations are based on the multi-model ensemble average of many different combined GCM–RCM simulations from the
EURO‑CORDEX initiative.

Source:

EURO-CORDEX (Jacob et al., 2014).

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Changes in the climate system

3.2.3 Heat extremes

Key messages
• The number of warm days (those exceeding the 90th percentile threshold of a baseline period) have almost doubled since
1960 across the European land area.
• Europe has experienced several extreme heat waves since 2000 (2003, 2006, 2007, 2010, 2014 and 2015). Under a high
emissions scenario (RCP8.5), very extreme heat waves as strong as these or even stronger are projected to occur as often
as every two years in the second half of the 21st century. The impacts will be particularly strong in southern Europe.

Relevance
The increase in the global surface temperature is
expected to affect the frequency and intensity of
extreme events, such as heat extremes (Fischer and
Schär, 2010; Stott et al., 2011; Russo et al., 2014). The
severity of a heat wave depends on a number of factors,
including its duration, its relative intensity (how much
hotter than normal) and its absolute intensity.
Heat extremes are often associated with droughts
because dry soil reduces evaporative cooling and thus
increases the magnitude of a heat wave (Mueller and
Seneviratne, 2012). On the other hand, heat extremes
can increase the frequency and intensity of heavy
precipitation events (including hailstorms), because
warmer air can hold a greater quantity of water
(Kendon et al., 2014).
Heat extremes also have strong direct impacts on
human health and well-being, as well as on society
(e.g. through decreased labour productivity), ecosystems
(e.g. through forest fires) and agriculture. In particular,
heat waves exacerbated by the urban heat island effect
and air pollution can have devastating impacts on
human health in urban areas.

(García‑Herrera et al., 2010; Russo et al., 2015). As a
result, 500-year-old temperature records were broken
over 65 % of Europe in the period 2003–2010 alone
(Barriopedro et al., 2011).
Indices for extreme temperatures, including the annual
maximum value of daily maximum temperature (Txx),
have shown significant upwards trends across Europe
since the 1950s (Donat, Alexander, Yang, Durre, Vose,
and Caesar, 2013). The number of unusually warm
days (Tx90p) has increased by up to 10 days per decade
since 1960 in most of southern Europe and Scandinavia
(Map 3.5). Based on the daily Heat Wave Magnitude
Index (HWMId), Europe has experienced 11 intense and
long heat waves between 1950 and 2015, most of which
occurred after 2000 (in 2003, 2006, 2007, 2010, 2014
and 2015) (Russo et al., 2015). The most severe heat
waves have been characterised by the persistence of
extremely high night-time temperatures (Russo et al.,
2015). A substantial fraction of the probability of recent
extreme events can be attributed to human-induced
climate change, and it is likely that, for temperature
extremes occurring over previous decades, a fraction
of their probability was attributable to anthropogenic
influences (King et al., 2016).
Projections

Past trends
Observational data show a continued increase in
heat extremes over land in the period 1997–2012)
(Seneviratne et al., 2014). At the global scale, warm
days and nights, as well as heat waves, have become
more frequent in recent decades. The increase in
maximum daily temperatures has generally been
faster than the increase in annual average temperature
(IPCC, 2013). In Europe, since the 1950s, large areas have
experienced intense and long heat waves, with notable
impacts on human health and socio-economic systems

Periods with extreme high temperatures are projected
to become more frequent and to last longer across
Europe during this century (Fischer and Schär, 2010;
Russo et al., 2014; Schoetter et al., 2014). Projections
based on a multi-model ensemble agree on increases in
heat wave frequency and magnitude for most European
regions during the 21st century under all RCP scenarios.
Extreme summer heat waves, such as the ones
experienced in different parts of Europe in 2003 and
2010, will become much more common in the future.
Under the RCP8.5 scenario, very extreme heat waves (43)

(43) To assess changes in heat waves, the HWMI has been used. The HWMI is defined based on the magnitude and length of heat waves in a year,
where heat waves are periods of at least three consecutive days with a maximum temperature above the threshold for the reference period
1981–2010. For details, including the definition of very extreme heat waves, see Russo et al., 2014.
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Map 3.5
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Warm days are defined as being above the 90th percentile of the daily maximum temperature centred on a five-day window for a
reference period. Grid boxes outlined with solid black lines contain at least three stations and thus trends are more robust. High
confidence in the long-term trend (at the 5 % level) is shown by a black dot (which is the case for all grid boxes in this map). The
reference period is 1971–2000.

Source:

EEA and UK Met Office, based on HadEX2 (updated from Donat, Alexander, Yang, Durre, Vose, Dunn et al., 2013).

(much stronger than either the 2003 or the 2010 heat
waves) are projected to occur as often as every two
years in the second half of the 21st century (Map 3.6).
The projected frequency of heat waves is greatest
in southern and south-eastern Europe (Russo et al.,
2014). According to a different analysis, at the end of
the 21st century, 90 % of the summers in southern,
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30°

central and north-western Europe will be warmer
than any summer in the period 1920–2014 under the
RCP8.5 scenario (Lehner et al., 2016). The most severe
health risks are projected for low-altitude river basins
in southern Europe and for the Mediterranean coasts,
where many densely populated urban centres are
located (Fischer and Schär, 2010).
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Map 3.6
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Source:

Adapted from Russo et al., 2014.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

79

Changes in the climate system

3.2.4 Mean precipitation

Key messages
• Annual precipitation since 1960 shows an increasing trend of up to 70 mm per decade in north-eastern and north‑western
Europe, and a decrease of up to 90 mm per decade in some parts of southern Europe. At mid-latitudes no significant
changes in annual precipitation have been observed. Mean summer precipitation has significantly decreased by up
to 20 mm per decade in most of southern Europe, while significant increases of up to 18 mm per decade have been
recorded in parts of northern Europe.
• Projected changes in precipitation vary substantially across regions and seasons. Annual precipitation is generally
projected to increase in northern Europe and to decrease in southern Europe. The projected decrease in southern Europe
is strongest in the summer.

Relevance
Precipitation plays a vital role in all environmental
systems and social sectors, including natural
ecosystems, agriculture, water supply, energy
production and tourism. Daily precipitation has been
recorded systematically in most of Europe since the
1950s. However, despite the length of precipitation
records, a climate change signal cannot be detected
with certainty in all European regions owing to the
high spatial and temporal variability of precipitation.
Difficulties in detecting trends can also arise from the
small sampling area of rain gauges, calibration errors in
instrumentation and erroneous measurements during
snow or gales (e.g. Hofstra et al., 2009).

in particular in central Portugal. Mean summer (June
to August) precipitation has significantly decreased
by up to 20 mm per decade in most of southern
Europe, while significant increases (up to 18 mm per
decade) have been recorded in parts of northern
Europe (Map 3.7, right) (van den Besselaar et al., 2013;
Casanueva et al., 2014).
Changes in large-scale circulation patterns (synoptic
atmospheric circulation) play a key role in the observed
changes in precipitation (Casanueva et al., 2014;
Fleig et al., 2015). It is not clear if the relatively minor
land‑use changes in Europe since the 1950s have
influenced observed precipitation trends (Taylor, 2015).
Projections

Past trends
According to the E-OBS dataset (Haylock et al., 2008),
average annual precipitation across Europe shows no
significant changes since 1960. However, significant
changes have been observed at sub-continental
scales. Most precipitation studies show a tendency
towards wetter conditions in the northern hemisphere
throughout the 20th century, but the changes are
less spatially coherent than temperature change.
The majority of Scandinavia and the Baltic states
have observed an increase in annual precipitation of
greater than 17 mm per decade, which is as high as
70 mm per decade in western Norway (Map 3.7, left).
Winter precipitation (December to February) tends
to decrease in limited areas in southern Europe, and
significant increases (up to 70 mm per decade) have
been recorded in most of northern Europe (Maraun,
2013). In contrast, annual precipitation has decreased
by up to 90 mm per decade in the Iberian Peninsula,
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For a high emissions scenario (RCP8.5), the models
(ensemble mean) project a statistically significant
increase in annual precipitation in large parts of
central and northern Europe (of up to about 30 %) and
a decrease in southern Europe (of up to 40 %) from
1971–2000 to 2071–2100 (Map 3.8, left); in summer,
the precipitation decrease extends northwards
(Map 3.8, right) (Jacob et al., 2014). A zone with small
changes that are not significant (but are, however,
partially robust in the direction of the change), shows
where the precipitation pattern (as presented in
the ensemble mean) changes the direction of the
change. For a medium emissions scenario (RCP4.5),
the magnitude of change is smaller, but the pattern is
very similar to the pattern for the RCP8.5 scenario. The
range of projected changes in precipitation from the
multi‑model ensemble are generally the same between
RCP4.5 and RCP8.5, or larger in RCP8.5, especially at the
end of the century (Jacob et al., 2014).
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Map 3.7

Observed trends in annual and summer precipitation across Europe between 1960 and 2015
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Map 3.8

Projected change in annual and summer precipitation
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Source:

EURO-CORDEX (Jacob et al., 2014).
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3.2.5 Heavy precipitation

Key messages
• The intensity of heavy precipitation events in summer and winter have increased in northern and north-eastern Europe
since the 1960s. Different indices show diverging trends for south-western and southern Europe.
• Heavy precipitation events are likely to become more frequent in most parts of Europe. The projected changes are
strongest in Scandinavia and eastern Europe in winter.

Relevance
Changes in the frequency and magnitude of heavy
precipitation events can have considerable impacts
on society, including agriculture, industry and
ecosystem services. An assessment of past trends and
future projections of heavy precipitation is therefore
essential for advising policy decisions on mitigation
and adaptation to climate change. The risks posed by
heavy precipitation hazards, such as flooding events
(including cloud burst and flash floods) are also
influenced by non-climatic factors, such as population
density, floodplain development and land-use changes.
Hence, estimates of future changes in such risks need
to consider changes in both climatic and non-climatic
factors.
To accurately assess trends in heavy precipitation at
local scales, high-resolution datasets are required.
These climatological datasets are compiled from the
observation networks from countries and additional
data from regional observations networks. As some
countries do not share all of their datasets, the spatial
and temporal coverage of the European dataset, and
consequently the accuracy of past trends, varies across
Europe (see Section 3.1).
Past trends
The majority of observation-based studies that
investigate trends in extreme rainfall intensity are
based on data recorded at the daily time scale. An
index for the maximum annual precipitation over five
consecutive days (Rx5d) shows significant increases up
to 5 mm per decade over northern and north‑western
Europe in winters and up to 4 mm in summers
(Map 3.9, left) (Donat, Alexander, Yang, Durre, Vose,
Dunn et al., 2013). The same index shows decreases
of more than 5 mm per decade in south-western
Europe in winter and between 2 and 3 mm in summer
(Map 3.9, right). The smaller trends in central and
south-eastern Europe are not statistically significant.
The increase in northern and north-eastern Europe
is a consequence of the observed shift polewards
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of the North Atlantic storm track and weakening of
Mediterranean storms (Hov et al., 2013).
A wider literature review suggests that heavy
precipitation events have become more intense and
more frequent in Europe on average, but there are
important differences across regions, seasons, time
periods, heavy precipitation indices and underlying
datasets (Zolina et al., 2010; van den Besselaar et al.,
2013; Gallant et al., 2013; Donat, Alexander, Yang,
Durre, Vose, Dunn et al., 2013; Fischer et al., 2014;
Casanueva et al., 2014). Studies generally agree that
heavy precipitation has become more intense in
northern and north-eastern Europe since the 1950s,
even though not all changes are statistically significant.
Different studies and indices show diverging trends for
south-western and southern Europe.
Records of daily mean precipitation are often
insufficient to study trends and changes in heavy
precipitation. The damage associated with heavy
precipitation often originates from sub-daily localised
heavy precipitation events, which can lead to costly
flash floods. Owing to limited data availability, only
a limited number of studies have focused on large
regional scale assessments of sub-daily precipitation
(Hartmann et al., 2013). A recent review study
concludes that extreme sub-daily precipitation events
have generally increased in Europe, even in regions
with decreases in mean rainfall, but there is large
variability across regions, seasons and event durations
(Westra et al., 2014).
Projections
Global warming is projected to lead to a higher intensity
of precipitation and longer dry periods in Europe (IPCC,
2012; Hov et al., 2013). Projections show an increase
in heavy daily precipitation in most parts of Europe
in winter, by up to 35 % during the 21st century.
Heavy precipitation in winter is projected to increase
over most of Europe, with increases of up to 30 % in
north-eastern Europe (Map 3.10, left). In summer, an
increase is also projected in most parts of Europe, but
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Map 3.9
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This map shows observed trends in maximum annual five-day consecutive precipitation across Europe in winter (left) and summer (right)
between 1960 and 2015. Boxes with an outline contain at least three stations. Black dots show trends that are statistically significant
(at the 5 % level).

Source:

EEA and UK Met Office, based on HadEX2 (updated from Donat, Alexander, Yang, Durre, Vose, Dunn et al., 2013).

decreases are projected for some regions in southern
and south‑western Europe (Map 3.10, right) (Jacob et al.,
2014). Similar patterns were found for other heavy
precipitation indices (Rajczak et al., 2013; Sillmann et al.,
2013; Giorgi, Coppola and Raffaele, 2014).
The continued increase in the spatial and temporal
resolution of global and regional climate models
has generally improved the representation of
extreme precipitation and increased confidence in
model‑based projections (Kopparla et al., 2013; Giorgi,
Coppola, Raffaele et al., 2014; Montesarchio et al.,
2014). However, regional climate models with spatial
resolutions of between 10 and 30 km typically used in
climate change studies are still too coarse to explicitly

represent sub-daily localised heavy precipitation
events (Chan et al., 2014; Ban et al., 2015). Evidence
from high‑resolution climate models suggests that the
intensity of sub-daily extreme rainfall is likely to increase
in the future, whereby an increase of (theoretically
estimated) ~ 7 % per °C appears most likely in many
regions (Westra et al., 2014). A very high‑resolution
model (typically 1–5 km) used for weather forecasts with
explicit convection has recently been used for a climate
change experiment for a region in the United Kingdom.
This study projects intensification of short-duration
heavy rain in the summer, with significantly more events
exceeding the high thresholds indicative of serious flash
flooding (Kendon et al., 2014; Ban et al., 2015; Lehmann
et al., 2015).
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Map 3.10
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This map shows projected changes in heavy daily precipitation (%) in winter and summer for 2071–2100, compared with the baseline
period 1971–2000, for the RCP8.5 scenario based on the ensemble mean of different RCMs nested in different GCMs.

Source:

EURO-CORDEX (Jacob et al., 2014).
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3.2.6 Wind storms

Key messages
• Storm location, frequency and intensity have shown considerable decadal variability across Europe over the past century,
such that no significant long-term trends are apparent.
• Recent studies on changes in winter storm tracks generally project an extension eastwards of the North Atlantic storm
track towards central Europe and the British Isles.
• Climate change simulations show diverging projections on changes in the number of winter storms across Europe.
However, most studies agree that the risk of severe winter storms, and possibly of severe autumn storms, will increase
for the North Atlantic and northern, north-western and central Europe over the 21st century.

Relevance
Wind storms are atmospheric disturbances that are
defined by strong sustained wind. They can range
from relatively small and localised events to large
features covering a substantial part of the continent.
Large storms in Europe are extra-tropical cyclones;
they develop from low-pressure weather systems that
capture their energy from the temperature contrast
between the sub-tropical and polar air masses
that meet in the Atlantic Ocean. In northern and
north‑western Europe, severe cyclones can occur all
year. In central Europe, severe cyclones occur mainly
between November and February, but weaker cyclones
can also occur in other seasons.
Wind storms can lead to structural damage, flooding
and storm surges (see Sections 4.2, 4.3 and 5.1), which
may be caused either by the wind itself, in particular
short gusts, or by accompanying heavy precipitation.
These events can have large impacts on human health
and on vulnerable systems, such as forests, as well
as transport and energy infrastructures. According
to Munich RE's natural catastrophe loss database
(NatCatSERVICE) (Munich RE, 2015), storms were the
costliest natural hazard (in terms of insured losses) in
Europe between 1980 and 2013; they ranked fourth
in terms of the number of human casualties (see
Section 5.1). The European regions most strongly
affected were north-western, western and northern
Europe, in particular regions close to the coast (Outten
and Esau, 2013; Osinski et al., 2015).
Studies of storm activity have increased in recent years
as a result of improved observational datasets, the
development of algorithms for the identification and
quantification of these phenomena, and improved
understanding of the causation of extreme weather
events. In addition, high-resolution GCM simulations for
both present-day climate and climate change scenarios

are increasingly becoming available. Nevertheless,
there are still considerable uncertainties in the
historical records and in our understanding of the
processes influencing current storm activity and how
these may be affected by climate change (Ulbrich et al.,
2009; Nikulin et al., 2011; Krueger et al., 2013; Outten
and Esau, 2013; Feser et al., 2014; Pfahl, 2014; Osinski
et al., 2015).
Past trends
Studies of past changes in extra-tropical storms
have used a variety of methods, making it difficult to
compare the results of different studies or to assess
if there is any underlying trend in climate change.
Storm location and intensity in Europe has shown
considerable variation over the past century, but
northern hemisphere storm tracks and intensity have
likely shifted northwards since at least 1970 (Ulbrich
et al., 2009; Hov et al., 2013).
Wind data at the local or regional levels can show a
series of decreases and increases continuing over
several decades. Long records of wind speed for
various regions across Europe indicate that storm
intensity (i.e. storminess) has not significantly
changed over the past 200 years. Available studies
of storminess in north-western Europe indicate
relatively high levels during the 1880s, followed by
below-average conditions between the 1930s and
1960s, a pronounced increase in storminess until the
mid-1990s, and average or below-average activity
afterwards. Somewhat similar patterns were observed
in other parts of Europe (Matulla et al., 2007; Feser
et al., 2014).
There is low confidence in the robustness of reanalysis
results for extreme wind speeds before the middle
of the 20th century (Hartmann et al., 2013; Feser
et al., 2014). A single reanalysis study for the period
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1871–2008 suggests an increasing trend in storminess
across western, central and northern Europe, with
storminess in the North Sea and the Baltic Sea region
reaching its highest values towards the end of the 20th
century (Donat, Renggli et al., 2011). Other studies have
produced evidence that both conflicts and agrees with
this result (Wang et al., 2011, 2014; Brönnimann et al.,
2012; Krueger et al., 2013).
Projections
The simulation of extra-tropical cyclones in climate
models remains a scientific challenge in spite of
recent significant progress in modelling techniques.
Earlier model studies showed shifts both polewards
(Gastineau and Soden, 2009) and towards the equator
(McDonald, 2011; Scaife et al., 2011) in the Atlantic
storm track. The latter could double the predicted
increase in winter rainfall over western and central
Europe compared with other climate projections.
Recent simulations based on CMIP5 data project an
extension eastwards of the North Atlantic storm track
towards central Europe and the British Isles (Zappa
et al., 2013).
Modelling studies show diverging results on changes
in the number of storms across Europe, but they
generally agree on increases in the strongest, most
damaging storms in most European regions. A study
using a multi-model ensemble projects a small
increase in the wind speed of the strongest winter
storms over northern parts of central and western
Europe, and a decrease in southern Europe (Map 3.11)
(Donat, Leckebusch et al., 2011). The associated
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change in mean potential economic loss varied
between – 7 % in the Iberian Peninsula and + 25 % in
Germany.
A comprehensive review study covering the North
Atlantic and northern, north-western and central
Europe shows large agreement that the intensity of
winter storms will increase in all these regions over the
21st century (Feser et al., 2014). Another recent study
focusing on central Europe concluded that models
consistently projected an increased frequency and
intensity of severe storms over central Europe. Under
SRES A1B conditions, increases in frequency towards
the end of the 21st century range between − 11 % and
+ 44 %, with an ensemble average of 21 % (Pardowitz,
2015). The intensity of storms affecting central Europe
once a year was found to increase by about + 30 %, with
individual models projecting changes between − 28 %
and up to + 96 %. These results are largely consistent
with those of a recent study based on the GCM
projections underlying the IPCC AR5 (Zappa et al., 2013).
One recent study with a single, very high-resolution
(~ 25 km) GCM indicates that the frequency and intensity
in Europe of severe autumn storms originating in the
tropical Atlantic will increase in a warmer future climate
as will the area affected (Baatsen et al., 2015). However,
this result cannot be considered robust, as it has not yet
been confirmed by other studies.
In summary, the risk of severe winter storms, and
possibly of severe autumn storms, is projected to
increase in many regions in Europe, in particular for the
North Atlantic and northern, north-western and central
Europe.
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Map 3.11

Projected changes in extreme wind speed based on GCM and RCM ensembles
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This map shows the ensemble mean of changes in extreme wind speed (defined as the 98th percentile of daily maximum wind speed)
for A1B (2071–2100) relative to 1961–2000. Left: based on nine GCMs. Right: based on 11 RCMs. Coloured areas indicate the magnitude
of change (unit: m/s) and statistical significance at the 5 % level is shown by black dots.

Source:

Adapted from Donat, Leckebusch et al., 2011. Reproduced with permission.
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3.2.7 Hail

Key messages
• Hail events are among the most costly weather-related extreme events in several European regions, causing substantial
damage to crops, vehicles, buildings and other infrastructure.
• The number of hail events is highest in mountainous areas and pre-Alpine regions. Since 1951, increasing hail trends have
been noted in southern France and Austria, and decreasing (but not statistically significant) trends have been noted in
parts of eastern Europe.
• Future projections of hail events are subject to large uncertainties, because small-scale hail events cannot be directly
represented in global and regional climate models. However, model-based studies for central Europe show some
agreement that hailstorm frequency will increase in this region.

Relevance
Hailstorms are most common in mid-latitudes with high
surface temperature and humidity, as these conditions
promote the required instability associated with strong
thunderstorms and the temperature in the upper
atmosphere is sufficiently low to support ice formation.
The occurrence of hail over Europe is not uniform
over space and time (Punge and Kunz, 2016). Most hail
events occur in summer or nearby mountain areas
where convective energy and trigger mechanisms for
convection are highest (Punge et al., 2014).
Hail is responsible for significant damage. For example,
three hailstorm events in Germany in July and August
2013 caused around EUR 4.2 billion of combined
damages to buildings, crops, vehicles, solar panels,
greenhouses and other infrastructure (Munich RE,
2014).
Past trends
Trends in days with hail have been calculated using
surface-based observations, but are unreliable owing
to the limited number of stations and the stochastic
nature of hailstorms (Punge and Kunz, 2016). Trends in
hail observations are sometimes analysed using reports
of damage as a proxy (e.g. insurance claims), although
damage is also a function of the vulnerability of the
impacted area to damage. Several European regions
show an increase in the convective conditions that can
potentially form hail. In some areas (such as south-west
Germany), an increase in damage days is observed
(Kunz et al., 2009). However, these changes are not
uniform across Europe, with large regional differences
mostly related to topography.
A study of hailstorm frequencies over the period
1978–2009 in Germany and eastern Europe shows
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general increases in convective available potential
energy (CAPE) and increases in evaporation, which
have been attributed to rising temperatures, but the
changes in these weather variables do not necessary
modify the numbers and intensities of severe
convective storms (Mohr and Kunz, 2013; Punge
and Kunz, 2016). The atmosphere has become more
unstable, and thus more suitable for hail, especially in
southern and central Europe, where the temperature
increase in summer has been particularly large (Mohr,
Kunz, and Geyer, 2015).
Recently, European hail climatology for the period
1951–2010 was analysed using a combination of
various meteorological parameters relevant for
thunderstorms and hail (Mohr, Kunz, and Geyer, 2015).
This has been expressed as the potential hail index
(PHI), which quantifies the atmospheric potential for
hailstorms. The climatology shows the highest values of
the mean PHI for the areas north and south of the Alps,
the eastern Adriatic coast and parts of eastern Europe
(Map 3.12, left). Increasing hail trends (with a PHI over 3
in the period 1951–2010) are found in southern France
and Spain, and decreasing trends (with a PHI lower
than –5 in the period 1951–2010) in eastern Europe
(Map 3.12, right). However, trends are not significant (at
the 5 % significance level) in most grid boxes.
Projections
Much of the published work relevant to future hail
projections is based upon developing the relationships
between large-scale atmospheric environments and
small-scale severe weather events, such as severe
thunderstorms, hailstorms and tornadoes. Available
projections suggest increases in CAPE, which result in
conditions that favour severe thunderstorms becoming
more frequent, and decreases in wind shear, which
reduces the likelihood of hailstorms (Brooks, 2013).
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Map 3.12
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Based on the logistic hail model (Mohr, Kunz, and Geyer, 2015) and reanalysis data from NCEP-NCAR (Kalnay et al., 1996).

Different RCMs have been used for assessing changes
in hailstorms at the national and sub-national
scales. A statistically significant downwards trend for
hailstones with diameters between 21 and 50 mm was
projected for the United Kingdom (Sanderson et al.,
2015). An increase in hailstorm frequency between
7 and 15 % for the period 2031–2045 compared with
1971–2000 was projected for south-west Germany
based on large-scale weather patterns (Kapsch et al.,
2012). Using the PHI and an ensemble of seven RCMs,
an increase in hail probability over most areas of

Germany was projected for the period 2021–2050
compared with 1971–2000 (Mohr, Kunz, and Keuler,
2015). The projected changes are largest in southern
Germany (values of almost 7 PHI). However, the
results are subject to large uncertainties, mainly
owing to low spatial resolution and convective
parametrisation schemes in regional climate models
(Fischer et al., 2014). Improving the convective
parametrisation schemes and increasing the spatial
resolution of models would improve the accuracy of
future hail projections.
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3.3

Cryosphere

Key messages
• Consistent with a warming climate, observations confirm the decrease of snow cover, the shrinking of glaciers, increased
melting of the large polar ice sheets in Greenland and Antarctica, and the declining area and thinning of Arctic sea ice.
• Further reductions of the cryosphere are projected in the future. The projected changes vary across regions and
indicators, and there are large uncertainties in some of the projections.
• The melting of ice and snow and the thawing of permafrost cause positive feedback loops that can accelerate climate
change further.
• Changes in the cryosphere affect global sea level, many species, ecosystems and their services, freshwater supply, river
navigation, irrigation and power generation. The projected changes could increase natural hazards and the risk of damage
to infrastructure. At the same time, they could create new opportunities for navigation and the exploitation of natural
resources in the Arctic region.

3.3.1 Overview
Relevance
The cryosphere includes all permanent or seasonal
snow and ice on land, in the seas, rivers and lakes, and
in the ground (permafrost). It is the second largest
component of the climate system, after the oceans,
with regard to mass and heat capacity. Because of its
importance, the cryosphere features prominently in
climate change literature (AMAP, 2011; Barry and Gan,
2011; Olsen et al., 2012; Vaughan et al., 2013; Key et al.,
2015). The concern for the long-term and irreversible
changes in the cryosphere is receiving increasing
international attention (ICCI, 2015). Recent scientific
work has focused in particular on the Greenland and
Antarctic ice sheets (Shepherd et al., 2012; Joughin
et al., 2014; Noël et al., 2014), as the fate of the ice
sheets has major implications for long-term sea level
rise. In addition, melting of the Greenland ice sheet
can influence the Atlantic meridional overturning
circulation and thereby create a feedback that can
critically influence long-term changes in the climate
system (Blaschek et al., 2014). Another important part
of the cryosphere is the Arctic permafrost, as thawing
of permafrost can lead to major positive feedback
processes, accelerating climate change (Parmentier
et al., 2015; Schuur et al., 2015).
The scientific publications that have been published
since the previous CCIV report (EEA, 2012) confirm the
general patterns of change, but have provided new data
on the melting of the Greenland and Antarctic ice sheets,
suggesting that the mass loss may accelerate and that
there is a risk of irreversible processes at relatively low
levels of air temperature increase. This would imply a
higher rise in sea level than previously assumed.
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Snow and ice are important for the global climate
system (see Section 3.1). Much of the sunlight that
hits these surfaces is reflected back into space instead
of warming the Earth. As the melting of snow and ice
leads to expansions of darker surfaces such as water
or ground, more heat is absorbed. These positive
ice-temperature feedback processes are already
accelerating the loss of sea ice in summer and autumn,
which has resulted in higher winter near-surface air
temperatures in the Arctic (Screen and Simmonds,
2010).
Ice and snow are important for many ecosystems.
Some species spend their entire life cycle in areas
dominated by the cryosphere, whereas others are
adapted to temporary snow and ice. Observed
changes in the cryosphere are already affecting
species interactions and entire ecosystems (Post et al.,
2009).
The cryosphere plays an important role in water
management. Two-thirds of the world's freshwater
resources are frozen. Seasonal melting releases water
during the warm season, thereby supporting water
supplies and hydropower. The cryosphere is also
closely linked to sea level. The melting of glaciers and
of the large ice sheets in Greenland and Antarctica is
already contributing significantly to global sea level
rise, and this contribution is expected to increase in the
future.
Changes in the cryosphere have social and economic
consequences by affecting sea ice and the distribution
of permafrost on land. Such changes affect transport
routes, building technology, tourism and recreation,
and opportunities to exploit natural resources.
Furthermore, thawing of permafrost can contribute to
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climate change through release of CO2 and CH4 from
Arctic permafrost areas (Hollesen et al., 2015; Schuur
et al., 2015).
Selection of indicators
The cryosphere provides easily observable signs of
climate change over a wide range of time scales, from
millennia to seasonal variations within a year. This
section presents indicators that cover the following
components of the cryosphere:
•

Arctic and Baltic sea ice: sea ice covers large areas. It
reflects light more than open sea and has impacts
on ocean circulation, which transports heat from
the equator to the poles. Sea ice and its variations
also affect navigation and the exploitation of natural
resources.

•

Greenland and Antarctic ice sheets: the continental ice
sheets of Greenland and the Antarctic influence the
global climate in many ways. First of all, they have
important effects on global sea level. Furthermore,
they modify ocean temperatures and circulation,
vegetation and land-surface albedo.

•

Glaciers: glaciers and ice caps influence sea level, river
flow and freshwater supply, ecosystems and many
human activities.

•

Snow cover: snow covers a large area, but has a
relatively small volume. Its reflection of light is
important for climatic conditions, it insulates the soil
in winter and is an important source of temporary
water storage.

Information on changes in permafrost is not presented
as an indicator. In the past 15–25 years for which
data are available, European permafrost has shown a
general warming trend, and the depth of seasonal thaw
has increased at several European permafrost sites
(Harris et al., 2009; EEA, 2012). Substantial near-surface
permafrost degradation is projected over much of the
permafrost area, which is expected to increase the
risk of rock falls, debris flows, ground subsidence and
impacts on biodiversity (Shaefer et al., 2012). Efforts to
improve and systematise the monitoring of permafrost
are being pursued (Biskaborn et al., 2015).
Data quality and data needs
Data on the cryosphere vary significantly with regard
to availability and quality. Snow and ice cover have
been monitored globally since satellite measurements
started in the 1970s. Improved technology allows
for more detailed observations and observations
of a higher resolution. High-quality long-term data
are also available on glaciers throughout Europe.
Direct historical area-wide data on the Greenland
and Antarctic ice sheets cover about 20 years, but
reconstructions give a 200 000-year perspective.
Continuous efforts are being made to improve
knowledge of the cryosphere. Scenarios for the future
development of key components of the cryosphere
have recently become available from the CMIP5 project,
which has provided climate change projections for the
IPCC AR5 (see Section 3.1). Owing to their economic
importance, considerable efforts have also been
devoted to improving real-time monitoring of snow
cover and sea ice.
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3.3.2 Arctic and Baltic sea ice

Key messages
• The extent and volume of the Arctic sea ice has declined rapidly since global data became available, especially in summer.
Over the period 1979–2015, the Arctic has lost, on average, 42 000 km2 of sea ice per year in winter and 89 000 km2 per
year by the end of summer.
• The nine lowest Arctic sea ice minima since records began in 1979 have been the September ice cover in each of the last
nine years (2007–2015); the record low Arctic sea ice cover in September 2012 was roughly half the average minimum
extent of 1981–2010. The annual maximum ice cover in March 2015 and March 2016 were the lowest on record, and the
ice is also getting thinner.
• The maximum sea ice extent in the Baltic Sea shows a decreasing trend since about 1800. The decrease appears to have
accelerated since the 1980s, but the interannual variability is large.
• Arctic sea ice is projected to continue to shrink and thin. For high greenhouse gas emissions scenarios, a nearly ice-free
Arctic Ocean in September is likely before mid-century. There will still be substantial ice in winter.
• Baltic Sea ice, in particular the extent of the maximal cover, is projected to continue to shrink.

Relevance
Observed changes in the extent of Arctic sea ice provide
evidence of global warming. Reduced polar sea ice will
speed up global warming further (Hudson, 2011) and
several studies have also suggested causal links between
the sea ice decline and summer precipitation in Europe,
the Mediterranean and East Asia (Simmonds and
Govekar, 2014; Vihma, 2014). Reduced Arctic ice cover
may also lead to increases in heavy snowfall in Europe
during early winter (Liu et al., 2012).
The projected loss of sea ice may offer new economic
opportunities for oil and gas exploration, shipping,
tourism and some types of fisheries Most of these
activities would increase the pressure on, and the risks
to, the Arctic environment.
Past trends
In the period 1979–2015, the sea ice extent in the Arctic
decreased by 42 000 km2 per year in winter (measured
in March) and by 89 000 km2 per year in summer
(measured in September) (Figure 3.8), which, based
on historical records, is likely unprecedented since the
14th century (Halfar et al., 2013). The maximum sea ice
extent in March 2015 and March 2016 were the lowest
on record. Arctic sea ice loss is driven by a combination
of warmer ocean waters and a warmer atmosphere,
including an earlier onset of summer surface melt
(Collins et al., 2013). In contrast, Antarctic sea ice has
reached record high levels in recent years, but the
expansion of the Antarctic sea ice has been less than half
of the loss of Arctic sea ice (Parkinson, 2014).
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Changes in Arctic sea ice may trigger complex feedback
processes. Warming and a longer melt season result
in increased solar heat uptake by the ocean, which
delays the autumn refreeze (Stammerjohn et al., 2012).
However, a warmer atmosphere means that there are
more clouds and, in summer, these reflect sunlight,
thus representing a negative feedback mechanism.
Even so, some evidence suggests that winter regrowth
of ice is inhibited by the warmer ocean surface (Jackson
et al., 2012). Thinner winter ice leads to more heat loss
from the ocean and a warmer atmosphere, and hence
thicker cloud cover, which inhibits the escape of heat to
space (Palm et al., 2010), which is a positive feedback
mechanism.
The minimum Arctic sea ice cover at the end of the
melt season in September 2012 broke all previously
observed records. All years since 2002 have been below
the average for 1981–2010 (Figure 3.8). Comparison
of recent sea ice coverage with older ship and aircraft
observations suggests that summer sea ice coverage
may have halved since the 1950s (Meier et al., 2007).
Since more reliable satellite observations started in 1979,
summer ice has shrunk by 10 % per decade (Comiso
et al., 2008; Killie and Lavergne, 2011). Between 1979 and
2011, the reduction of sea ice has significantly reduced
albedo, corresponding to an additional 6.4 ± 0.9 W/m2
of solar energy input into the Arctic Ocean region since
1979. Averaged over the globe, this albedo decrease
corresponds to a forcing that is 25 % of that due to the
change in CO2 during this period (Pistone et al., 2014).
The Arctic sea ice is also getting thinner and younger,
as less sea ice survives the summer to grow into

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Changes in the climate system

Figure 3.8
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Trend lines and observation points for March (the month of maximum sea ice extent) and September (the month of minimum sea ice
extent) are indicated. This figure does not reflect the reduction of sea ice thickness, which has also been declining over the same period.

Source:

EUMETSAT Satellite Application Facility on Ocean and Sea Ice (OSI SAF) and CryoClim. Data delivered through Copernicus Marine
Environment Monitoring Service.

thicker multi-year floes (Comiso, 2012). A recent
analysis has found that annual mean ice thickness
has decreased from 3.59 m in 1975 to 1.25 m in 2012,
i.e. a 65 % reduction in less than 40 years (Lindsay
and Schweiger, 2015). This supports findings from
calculations of sea ice volume from satellites and an
earlier estimate by the Pan Arctic Ice-Ocean Modeling
and Assimilation System (PIOMAS) (44), which suggests
that the mean monthly sea ice volume has decreased
by about 3 000 km3/decade since 1979 (Schweiger
et al., 2011, updated with PIOMAS data available
online).
Information on sea ice extent in the Baltic Sea goes
back to 1720. The maximum sea ice extent has
displayed a decreasing trend most of the time since
about 1800 (Figure 3.9). The decrease in sea ice
extent appears to have accelerated since the 1980s,
but large interannual variability makes it difficult to
demonstrate this statistically (Haapala et al., 2015).
The frequency of mild ice winters, defined as having
a maximum ice cover of less than 130 000 km2, has,
however, increased from seven in 30 years in the

period 1950–1979 to 15 in the period 1986–2015. The
frequency of severe ice winters, defined as having
a maximum ice cover of at least 270 000 km2, has
decreased from six to four during the same periods.
Projections
Improving the ability to track the observed rapid
summer-time melting of Arctic sea ice has been a
challenge for modelling (Stroeve et al., 2012), but
observations fall well within the model range in
recent modelling studies (Hezel et al., 2014). All model
projections agree that Arctic sea ice will continue to
shrink and thin. For high greenhouse gas emissions
scenarios, a nearly ice-free Arctic Ocean in September
is likely to occur before mid-century (Figure 3.10)
(Massonnet et al., 2012; Stroeve et al., 2012; Wang and
Overland, 2012; Collins et al., 2013; Overland and Wang,
2013). An extension beyond 2100 suggests that, for the
highest emissions scenario (RCP8.5), the Arctic could
become ice-free year-round before the end of the 22nd
century; on the other hand, a recovery of Arctic sea ice
could become apparent in the 22nd century if stringent

(44) http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly.
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Figure 3.9

Maximum extent of ice cover in the Baltic Sea
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This figure shows the maximum extent of ice cover in the Baltic Sea in the winters of 1719/1720–2015/2016 and the 15-year moving
average.

Source:

Jouni Vainio, Finnish Meteorological Institute (updated from Seinä and Palosuo, 1996; Seinä et al., 2001).

policies to reduce global greenhouse gas emissions,
and eventually concentrations, are successfully
implemented (Hezel et al., 2014).
Projections of Baltic Sea ice extent under different
emissions scenarios suggest that the maximal
ice cover and ice thickness will continue to shrink
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significantly over the 21st century. The best estimate
of the decrease in maximum ice extent from a model
ensemble is 6 400 km2/decade for a medium emissions
scenario (RCP4.5) and 10 900 km2/decade for a high
emissions scenario (RCP8.5); for the latter scenario,
largely ice-free conditions are projected by the end of
the century (Luomaranta et al., 2014).
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3.3.3 Greenland and Antarctic ice sheets

Key messages
• The Greenland and Antarctic ice sheets are the largest bodies of ice in the world and play an important role in the global
climate system. Both ice sheets have been losing large amounts of ice at an increasing rate since 1992.
• The cumulative ice loss from Greenland from 1992 to 2015 was 3 600 Gt and contributed to global sea level rise by
approximately 10 mm; the corresponding figure for Antarctica is 1 500 Gt, which corresponds to approximately a 5 mm
global sea level rise since 1992.
• Model projections suggest further declines of the polar ice sheets in the future, but the uncertainties are large. The
melting of the polar ice sheets is estimated to contribute up to 50 cm of global sea level rise during the 21st century. Very
long-term projections (until the year 3000) suggest potential sea level rise of several metres with continued melting of the
ice sheets.

Relevance
The Greenland and Antarctic ice sheets are important
in the global climate system. This indicator documents
recent change in the ice sheets and discusses the
consequences of projections. Note that the landbased, permanent Antarctic ice sheet should not
be confused with Antarctic sea ice, which covers
the ocean and strongly changes with the seasons.
Together, the Antarctic and Greenland ice sheets
contain more than 99 % of the freshwater ice on
Earth. The change in the amount of ice in the ice
sheets, known as the 'mass balance', is an important
indicator that can document loss of ice. An increased
rate of mass loss results in a faster rise in the
global mean sea level (see also Section 4.2.2). A net
mass loss of 362.5 billion tonnes corresponds to a
1 mm sea level equivalent (Hanna et al., 2013). Owing
to gravitational forces, the melting of the Antarctic
ice sheet contributes relatively more to sea level rise
in the northern hemisphere than the melting of the
Greenland ice sheet. In addition, melt water from the
ice sheets reduces the salinity of the surrounding
ocean, with potential feedback to the climate system
(Blaschek et al., 2014). An upper layer of fresher water
may reduce the formation of dense deep water, one
of the mechanisms driving global ocean circulation.
Recent freshening in the vicinity of Greenland has
contributed to changes that may weaken the Atlantic
meridional overturning circulation, with cooler winters
and summers around the North Atlantic a potential
consequence, but uncertainties are still significant
(Yang et al., 2016).
Past trends
The mass balance of the polar ice sheets is affected by
numerous factors, including changes in precipitation
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patterns over the ice sheets, snowfall, changes in the
snowline, summer melting of snow, changes in ice
sheet albedo, changes in the extent of supraglacial
lakes, submarine melting of the floating ice shelves
at the tongue of marine outlet glaciers, and icebergs
breaking off of glaciers (Box et al., 2012; Howat
et al., 2013; Vavrus, 2013; Benning et al., 2014). The
changing balance between ice accumulation, on the
one hand, and melting and sublimation of ice and
snow, submarine melting and calving, on the other
hand, determines the future development of the ice
sheets. Both ice sheets have lost significant amounts
of ice since 2005 (Figure 3.11).
Several different methods have been used to monitor
the mass balance of the Greenland ice sheet. The
overall conclusion of all available studies is that
Greenland is losing mass (Figure 3.11). Average
ice loss increased from 34 (uncertainty interval:
– 6 to 74) billion tonnes per year over the period
1992–2001 to 215 (157 to 274) billion tonnes per year
over the period 2002–2011. In 2012, an exceptional
loss estimated at more than 500 billion tonnes was
recorded. From 1992 to 2012, the contribution to the
global sea level has been estimated to have been
approximately 8.0 mm (6.6 to 9.4 mm) (Clark et al.,
2015). In 2013–2015, the net loss of ice was slower
than in 2012, with a total of approximately 280 billion
tonnes net loss over the period (DMI et al., 2015).
In Greenland, the area subject to summer melt has
increased significantly over recent decades (Fettweis
et al., 2011; Vaughan et al., 2013). The increased
melting has been attributed to changes in general
circulation in summer, creating warmer conditions
over Greenland (Fettweis, Hanna et al., 2013). Ice core
data suggest that large-scale melting events such as
the one observed in 2012 have occurred once every
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few hundred years on average, with previous ones
in 1889 and in the 12th century. It is not currently
possible to tell whether the frequency of these rare
extensive melt events has changed (Nghiem et al.,
2012; Tedesco et al., 2013). Another important
process that may accelerate the loss of ice from the
ice sheets is enhanced submarine melting of glaciers
terminating in the sea. Its importance may be greater
than previously assumed. The process has been
documented for both the Greenland and the Antarctic
ice sheets (Wouters et al., 2015).
East Antarctica had a slightly positive mass balance
of + 14 (– 29 to + 57) billion tonnes per year over the
period 1992–2011, but, overall, the Antarctic ice sheet
has lost on average approximately 70 billion tonnes
of ice per year, as West Antarctica and the Antarctic
Peninsula have lost 65 (39 to 91) and 20 (6 to 34)
billion tonnes per year, respectively. The floating ice
shelves have also become thinner (Paolo et al., 2015).
From 1992 to 2015, the ice loss of the Antarctic ice
sheet has contributed approximately 5 mm (2 to
7 mm) to the global sea level (Clark et al., 2015). All in
all, the ice sheets have contributed to about one-third
of the total sea level rise since the 1990s (Shepherd
et al., 2012; Barletta et al., 2013; Vaughan et al.,
2013; Helm et al., 2014). A recent study of Antarctica
suggests, however, that the snow accumulation has
exceeded the mass loss from ice discharge, leading
to the equivalent of an annual 0.23 mm sea level
depletion between 2003 and 2008 (Zwally et al., 2015).

Figure 3.11
Gigatonnes (Gt)

Projections
All recent studies indicate that the mass loss of the
Greenland ice sheet will increase the global sea level,
with greater radiative forcing leading to greater sea
level rise. Recent studies suggest an upper bound of
16 cm of sea level rise from the Greenland ice sheet
during the 21st century for a high emissions scenario
and somewhat lower values for lower emissions
scenarios (Church et al., 2013; Fürst et al., 2015). One
recent study estimated that the Greenland ice sheet
contribution until the year 3000 will be 1.4, 2.6 and
4.2 m for the emissions scenarios SRES B1, A1B and A2
(with stabilised greenhouse concentrations after 2100),
respectively (Goelzer et al., 2012; Church et al., 2013).
On multi-millennial time scales, the Greenland ice sheet
shows threshold behaviour due to different feedback
mechanisms. If a temperature above the threshold is
maintained for an extended period, the melting of the
Greenland ice sheet could self-amplify, which would
eventually result in near-complete ice loss (equivalent
to a sea level rise of about 7 m). Coupled climate–ice
sheet models with a fixed topography (that do not
consider the feedback between surface mass balance
and the height of the ice sheet) estimate that the global
mean surface air temperature threshold above which
the Greenland ice will completely melt lies between
2 and 4 °C above pre-industrial levels (Rae et al.,
2012; Church et al., 2013; Fettweis, Franco et al., 2013;
Vizcaino et al., 2015). In contrast, a study modelling
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the ice sheet dynamically suggests that the threshold
could be as low as about 1 °C above pre-industrial
levels (Robinson et al., 2012). The complete loss of the
Greenland ice sheet is not inevitable because it has
a long time scale. Complete melting would take tens
of millennia if near the threshold and a millennium
or more for temperatures a few degrees above the
threshold (Robinson et al., 2012; Church et al., 2013;
Applegate et al., 2015).

and irreversible. There are also indications of instability
in some parts of the much larger East Antarctic Ice
Sheet. These new results suggest that the global mean
sea level contribution from Antarctica alone could be
several metres on a time scale of a few centuries to
a millennium (Favier et al., 2014; Gunter et al., 2014;
Joughin et al., 2014; McMillan et al., 2014; Mengel and
Levermann, 2014; Mouginot et al., 2014; Rignot et al.,
2014; Holland et al., 2015).

The uncertainties around future ice discharge from
Antarctica, and the associated sea level rise, are
larger than for Greenland. However, mass loss of the
Antarctic ice sheet has a greater impact on the sea
level in the northern hemisphere than a comparable
loss of the Greenland ice sheet, owing to gravitational
forces. A comprehensive analysis applying various
climate, ocean and ice sheet models estimates that
the additional ice loss for the 21st century is 7 cm
(90 % range: 0–23 cm) of global sea level equivalent
for a low emissions scenario (RCP2.6) and 9 cm (90 %
range: 1–37 cm) for a high emissions scenario (RCP8.5)
(Levermann et al., 2014). By 2100, the rise of global sea
level will be clearly influenced by the development of
the Antarctic ice sheet. A recent study suggests that the
Antarctic ice sheet has the potential to contribute more
than a metre to sea level rise by 2100 and more than
15 metres by 2500, if emissions continue unabated
(DeConto and Pollard, 2016).

The long-term development of the ice sheets is hugely
important in determining the consequences of climate
change. Amplifying feedback mechanisms, including
slowdown of meridional overturning circulation, may
accelerate ice sheet mass loss (Hansen et al., 2015).
A coupled ice sheet–ice shelf model suggests that,
if atmospheric warming exceeds 1.5 to 2 °C above
present, the major Antarctic ice shelves would collapse,
which would trigger a centennial- to millennial-scale
response of the Antarctic ice sheet and cause an
unstoppable contribution to sea level rise (Golledge
et al., 2015). Although current estimates of sea level
rise by 2100 suggest that they will fall in a range of
some tens of centimetres (Clark et al., 2015), collapsing
ice sheets could, in the long term, result in a faster
and greater rise in sea level than currently assumed,
underlining the urgency of climate change mitigation
(EASAC, 2015; Golledge et al., 2015; Hansen et al.,
2015). The uncertainties in the long-term projections
are significant, however. Assumptions concerning,
for example, bedrock uplift and sea surface drop
associated with ice sheet retreat have a significant
effect on the results with respect to sea level rise
(Gomez et al., 2015; Konrad et al., 2015).

Several studies that were published after the release
of the IPCC AR5 suggest that melting of the West
Antarctic Ice Sheet (WAIS) has been accelerating
recently and that a WAIS collapse is already inevitable
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3.3.4 Glaciers

Key messages
• The vast majority of glaciers in the European glacial regions are in retreat. Glaciers in the European Alps have lost
approximately half of their volume since 1900, with clear acceleration since the 1980s.
• Glacier retreat is expected to continue in the future. It has been estimated that the volume of European glaciers will
decline between 22 and 84 % compared with the current situation by 2100 under a moderate greenhouse gas forcing
scenario, and between 38 and 89 % under a high forcing scenario.
• Glacier retreat contributed to global sea level rise by about 0.8 mm per year in 2003–2009. It also affects freshwater
supply and run-off regimes, river navigation, irrigation and power generation. Furthermore, it may cause natural hazards
and damage to infrastructure.

Relevance
Glaciers are particularly sensitive to changes in the
global climate because their surface temperature is
close to the freezing/melting point (Zemp et al., 2006).
When the loss of ice, mainly from melting and calving in
summer, is larger than the accumulation from snowfall
in winter, the mass balance of the glacier turns negative
and the glacier shrinks.
Glaciers are an important freshwater resource and act
as 'water towers' for lower lying regions. The water
from melting glaciers contributes to water flow in rivers
during summer months and thus helps maintain water
levels for irrigation, hydropower production, cooling
water and navigation. The effects of a reduction in
glaciers are, however, complex and vary from location
to location (SGHL and CHy, 2011). Glacier melting also
contributes to global sea level rise (Marzeion et al.,
2012; Gardner et al., 2013).
Past trends
A general loss of glacier mass since the beginning
of the measurements has occurred in all European
glacier regions, except some glaciers in Norway
(Figure 3.12). The Alps have lost roughly 50 % of their
ice mass since 1900 (Zemp et al., 2008, 2015; Huss,
2012). Norwegian coastal glaciers were expanding
and gaining mass up to the end of the 1990s owing
to increased winter snowfall on the North Atlantic
Coast; now these glaciers are also retreating (Nesje
et al., 2008; Engelhardt et al., 2013; Hanssen-Bauer
et al., 2015). Some ice caps at higher elevations
in north-eastern Svalbard, Norway, seem to be

increasing in thickness, but estimates for Svalbard as
a whole show a declining mass balance (Bevan et al.,
2007; Lang et al., 2015). The centennial retreat of
European glaciers is attributed primarily to increased
summer temperatures. However, changes in winter
precipitation, reduced glacier albedo due to the lack
of summer snowfall and various other feedback
processes, such as the increasing debris cover on the
glacier, can influence the behaviour of glaciers, in
particular on regional and decadal scales.
The melting of glaciers is contributing significantly
to global sea level rise. For the period 2003–2009,
the global contribution was 0.71 ± 0.08 mm per year,
accounting for 29 ± 13 % of the observed sea level rise
(Gardner et al., 2013; Vaughan et al., 2013).
Projections
The retreat of European glaciers is projected to
continue throughout the 21st century (Figure 3.13).
One study estimates that the volume of European
glaciers will decline between 22 and 84 % relative to
their extent in 2006 under a moderate greenhouse gas
forcing scenario (RCP4.5) and between 38 and 89 %
under a high forcing scenario (RCP8.5) (all European
regions combined) (Radić et al., 2014). The relative
volume loss is largest in central Europe (83 ± 10 % for
RCP4.5 and 95 ± 4 % for RCP8.5). Similar results were
achieved in other studies (Marzeion et al., 2012; Huss
and Hock, 2015). In Norway, nearly all smaller glaciers
are projected to disappear and, overall, glacier area as
well as volume may be reduced by about one-third by
2100, even under the low SRES B2 emissions scenario
(Nesje et al., 2008).
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Figure 3.12

Cumulative net mass balance of European glaciers
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Source:

Fluctuation of Glaciers Database (FoG), World Glacier Monitoring Service.
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Figure 3.13

Projected change in the volume of mountain glaciers and ice caps in European glaciated
regions
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The figure shows the projected volume for 2006–2100 of all mountain glaciers and ice caps in the European glaciated regions, derived
using a mass balance model driven with temperature and precipitation scenarios from 14 GCMs, in central Europe, consisting of the
European Alps and Pyrenees (top left), Scandinavia (top right), Iceland (bottom left) and Svalbard (bottom right).

Source:

Radić et al., 2014.
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3.3.5 Snow cover

Key messages
• Snow cover extent in the northern hemisphere has declined significantly over the past 90 years, with most of the
reductions occurring since 1980. Over the period 1967–2015, snow cover extent in the northern hemisphere has
decreased by 7 % on average in March and April and by 47 % in June; the observed reductions in Europe are even larger,
at 13 % for March and April and 76 % for June.
• Snow mass in the northern hemisphere is estimated to have decreased by 7 % in March from 1982 to 2009; snow mass in
Europe has decreased more rapidly than the average for the northern hemisphere, but with large interannual variation.
• Model simulations project widespread reductions in the extent and duration of snow cover in the northern hemisphere
and in Europe over the 21st century.
• Changes in snow cover affect the Earth's surface reflectivity, water resources, flora and fauna and their ecology,
agriculture, forestry, tourism, snow sports, transport and power generation.

Relevance
Snow influences the climate and climate-related
systems because of its high reflectivity, insulating
properties, effects on water resources and ecosystems,
and cooling of the atmosphere. A decrease in snow
cover accelerates climate change (Flanner et al., 2011).
In Europe, about half of the population lives in areas
that have snow cover in January in an average winter.
Changes in snow cover affect human well-being
through effects on water availability, hydropower,
navigation, infrastructure, the livelihoods of indigenous
Arctic people, environmental hazards, winter recreation
and outdoor light conditions. Variation in snow cover
affects winter road and rail maintenance, as well as the
exploitation of natural resources (ACIA, 2005; UNEP,
2007).
Past trends
Satellite observations of monthly snow cover extent
in the northern hemisphere are available from 1967
onwards (Estilow et al., 2015). A detailed analysis
based on multiple sources shows there have been
significant decreases in northern hemisphere snow
cover extent during the spring melt season since
about 1980 (March to June; Figure 3.14, left) (Brown
and Robinson, 2011; Vaughan et al., 2013); in other
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seasons, the snow cover extent has remained stable
or even slightly increased. A separate analysis for
Europe (EEA-39 region) shows even larger reductions
of 13 % for March and April, and 76 % for June
between 1980 and 2015 (Figure 3.14, right).
Decreases in snow cover extent are caused by an
earlier onset of melting and a shorter duration of the
snow season. Since 1972, the duration of the snow
season averaged over the northern hemisphere
declined by five days per decade, but with substantial
regional variation. The duration of the snow season has
decreased by up to 25 days in western, northern and
eastern Europe due to earlier spring melt, whereas it
has increased by up to 15 days in south-eastern Europe
due to an earlier onset of the snow season (Choi et al.,
2010; Mioduszewski et al., 2015).
The snow mass (i.e. the amount of water that the snow
contains) is an important variable, as it affects the role
of snow in the hydrological cycle. For the whole of the
northern hemisphere, a 7 % decrease in March snow
mass was observed between 1982 and 2009 (Takala
et al., 2011). An extension of these data focusing on
EEA member countries demonstrate a stronger average
decline of 30 % for the period 1980–2015, although
the year-to-year variation is large (Figure 3.15). Winter
increases in precipitation have also led to an increase in
snow mass at higher altitudes in Norway.
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Trend in snow cover extent over the northern hemisphere and Europe
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Snow cover extent anomaly (million square km)

Trend in snow cover extent in Europe

March–April (pre-satellite)

March–April

March–April (satellite)

March–April (13-year average)

March–April (13-year average)

March–April (linear trend)

March–April (linear trend)

June

June (satellite)

June (13-year average)

June (linear trend)

June (linear trend)

10
20

05
20

00
20

95

70
19

20

00
20

19

19

19

19

19

19

19

10

– 750

90

– 600

–6

80

–5

70

– 450

60

– 300

–4

50

–3

40

– 150

30

0

–2

19

150

–1

90

300

0

19

450

1

85

2

19

600

80

750

3

19

900

4

75

Snow cover extent anomaly (thousand square km)

5

19

Figure 3.14

Note:

This figure shows satellite-derived time series of snow cover extent for the period 1967–2015 over the northern hemisphere (left) and
Europe (right). The time series for the northern hemisphere is extended back to 1922 by including reconstructed historical estimates.

Source:

Brown and Robinson, 2011; RUGSL, 2011; Vaughan et al., 2013; Estilow et al., 2015. Data for Europe (EEA-39 region) was calculated and
kindly provided by the Rutgers University Global Snow Lab, based on RUGSL, 2011.

Figure 3.15

Trend in March snow mass in Europe (excluding mountain regions)
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This figure shows the satellite-derived anomaly in March snow mass in Europe for the period 1980–2015 relative to the 1980–2012
average.

Source:

GlobSnow, updated from Luojus et al., 2011.
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10 days for RCP2.6 to about 40 days for RCP8.5
(Brutel-Vuilmet et al., 2013).

Projections
northern hemisphere snow cover will continue to
shrink and snow seasons shorten as temperatures
rise (Vaughan et al., 2013), although in the coldest
regions snowfall can also increase in the middle of
winter (Hanssen-Bauer et al., 2015; Räisänen, 2016).
The multi-model mean from the CMIP5 modelling
exercise projects changes in March/April snow
cover extent in the northern hemisphere during the
21st century ranging from 7 % for a low emissions
scenario (RCP2.6) to 25 % for a high emissions
scenario (RCP8.5) (Figure 3.16). The projected snow
mass generally follows the snow cover extent with
an estimated range of reduction from about 10 % for
RCP2.6 to about 30 % for RCP8.5; projected reductions
in the duration of the snow season range from about

Figure 3.16

Specific regional studies suggest significant reductions
in snow mass in, for example, the Alps in general (Steger
et al., 2013; Schmucki et al., 2015), Switzerland (BAFU,
2012), the alpine range of Italy (Soncini and Bocchiola,
2011), the Pyrenees (López-Moreno et al., 2009), Norway
(Hanssen-Bauer et al., 2015), the Turkish mountains
(Özdoğan, 2011) and the Balkan mountains (FAO,
2010). These changes can have dramatic downstream
effects as melt water contributes up to 60–70 % to
annual river flows. Despite the projected decrease in
long‑term mean snow mass in the northern hemisphere,
model simulations indicate occasional winters of heavy
snowfall, but these become increasingly uncommon
towards the end of the 21st century.

Projected changes in northern hemisphere spring snow cover extent
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This figure shows the northern hemisphere spring (March to April average) snow cover extent based on the CMIP5 ensemble for actual
emissions (up to 2005) and different forcing scenarios (RCPs). Values are given relative to the 1986–2005 reference period (H AVG). Thick
lines mark the multi-model average and shading indicates the inter-model spread (one standard deviation).

Source:

Adapted from IPCC (2013a, Figure 12.32). Data were provided by Gerhard Krinner (Laboratoire de Glaciologie et Géophysique de
l'Environnement, France).
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4 Climate change impacts on
environmental systems

Changes in climatic conditions have direct
consequences on the physical and chemical properties
of environmental systems, as well as on the ecosystems
supported by them. This chapter presents selected
observed and projected changes in a variety of
climate‑sensitive characteristics of environmental
systems in Europe. Section 4.1 covers physical,
chemical and biological changes in oceans and marine
environments. Section 4.2 addresses physical changes

Box 4.1

and (to a limited extent) economic risks in coastal
zones, focusing on sea level rise. Section 4.3 presents
physical and biological changes in freshwater systems.
Section 4.4 gives an overview of physical and biological
changes in terrestrial ecosystems, including soils and
forests. The concluding Section 4.5 summarises how
ecosystem services in Europe are affected by climate
change and other human pressures, such as habitat
change and pollution.

Policy and institutional context

The EU's Seventh Environment Action Programme (EAP), which sets out the priorities for environmental policy until 2020,
recognises the urgent need to protect and enhance our environmental systems, that is, our natural capital. Priority objective
1 aims 'to protect, conserve and enhance the Union's natural capital, where natural resources are managed sustainably,
and biodiversity is protected, valued and restored in ways that enhance our society's resilience' (EU, 2013). The time line
requires the EU and its Member States to speed up the implementation of existing strategies to protect natural capital, to
fill gaps where legislation does not yet exist and to improve existing legislation. Key strategies include the EU Biodiversity
Strategy to 2020 (EC, 2011), which implements the global Aichi targets of the Convention on Biological Diversity in Europe
(EC, 2014), the Blueprint to Safeguard Europe's Water Resources (EC, 2012) and the Marine Strategy Framework Directive
(EC, 2008b). These are supported by a number of earlier measures including legally binding commitments in the Habitats
Directive (EC, 1992), the Birds Directive (EC, 2009), the Water Framework Directive (EC, 2000) and the Air Quality Directive
(EC, 2008a), and a series of regulations addressing different environmental sectors such as agriculture (EC, 2010), forestry
(EU, 2010) and invasive species (EU, 2014), as well as the nature protection network Natura 2000 (EC, 2016b).
Achieving the policy targets of the Seventh EAP requires our knowledge about environmental systems, their functioning
and their interactions to be improved. This calls for a more integrated assessment of natural capital and for better
understanding of the interactions between the different components of the environment to support more targeted and
efficient policy measures. An important instrument for integrated assessments is implemented in Target 2, Action 5, of the
Common Implementation Framework (CIF) of the EU Biodiversity Strategy to 2020. The activity foresees 'Member States,
with the assistance of the Commission, will map and assess the state of ecosystems and their services in their national
territory by 2014, assess the economic value of such services, and promote the integration of these values into accounting
and reporting systems at EU and national level by 2020' (EC, 2016a).
The EU has developed an analytical framework for the assessment of the condition of ecosystems and their services. For the
practical purposes of policy-relevant mapping and assessment at national and European levels, ecosystems are considered
here at the level of land/sea cover-related units. The framework distinguishes between urban areas, cropland, grassland,
woodland and forest, heathland and shrubs, wetland, sparsely vegetated land, rivers and lakes, transitional waters, coastal
areas and open oceans. These ecosystems represent key elements for human management, i.e. in agriculture, forestry,
fisheries and water management, to make the best use of their services (Maes et al., 2013). At the same time, this spatial
scale also reflects the existing policy sections established in European environmental legislation. Efforts for helping
ecosystems in Europe to adapt to climate change are also supported by the European Nature Conservation Agencies (ENCA)
network (45) (e.g. Bonn et al., 2014; Korn et al., 2014).
A recent review of the EU biodiversity policy in the context of climate change has identified a number of policy gaps:
(1) conservation targets need to better match conservation needs; (2) targets need to be set in a spatially coherent manner
across national scales; and (3) current monitoring appears insufficient to address these gaps (van Teeffelen et al., 2014).

(45) http://www.encanetwork.eu.
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4.1

Oceans and marine environment

Key messages
• The primary impacts of climate change observed in Europe's seas are acidification, increased ocean heat content and
increased sea surface temperature. The extent to which physical impacts have been documented varies among the seas.
• Climate change affects physical conditions differently in Europe's seas, and consequently its biological impacts also vary
depending on the region. Ocean temperature is one of the strongest regulators of marine life. Changes in temperature
cause significant shifts in the distribution of marine species, both horizontally, towards the poles, and vertically, with
changes in depth distribution.
• The impacts of climate change in combination with synergistic impacts of other anthropogenic stressors will potentially
cause widespread changes to marine ecosystems and ultimately the services and benefitss humans receive from the seas.
• North-east Atlantic Ocean: sea surface temperature and ocean heat content are increasing in all regions, although
at different rates. Sea surface temperature changes have already resulted in an increased duration of the marine
growing season and in the northwards movement of marine zooplankton. Marine species are shifting their distributions
northwards in response to increased temperatures. Of the commonly observed demersal fish species, 72 % have
experienced changes in abundance and/or distribution in response to warming waters. This change has already had
important impacts on fisheries in this region.
• Baltic Sea: future climate change is projected to warm the Baltic Sea, to decrease its salinity, to decrease sea ice extent by
50–80 % during the 21st century, and to further expand oxygen depleted 'dead zones'. These changes in physical variables
will have predominantly negative impacts on the Baltic Sea ecosystems.
• Mediterranean Sea: temperature is projected to increase, and run-off to the Mediterranean Sea is projected to decrease,
thereby increasing salinity. Stratification is projected to remain largely constant because of the compensating effects of
increasing temperature and increasing salinity on the density of sea water. The observed invasion and survival of alien
species has been correlated with the warming trend in sea surface temperature.

4.1.1 Overview
Relevance
The oceans cover about 72 % of the Earth's surface.
Oceans interact closely with the atmosphere. On the
one hand, oceans influence weather patterns on local
to global scales. On the other hand, changes in the
atmosphere can alter the properties of the oceans.
Changes in ocean properties driven by an increase
in atmospheric greenhouse gas concentrations,
such as ocean acidification and warming, can have
a substantial impact on marine ecosystems, their
productivity and marine biodiversity, and thus
ecosystem-service provision (Walther et al., 2002;
Lotze et al., 2006; Ruckelshaus et al., 2013).
The atmospheric concentrations of greenhouse
gases, such as CO2, have increased substantially since
pre‑industrial times, thus trapping increasingly more
solar energy within the atmosphere (see Section 3.1).
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Most of this heat is stored by the ocean, where it
affects sea surface temperature, ocean heat content,
sea levels, salinity, ocean circulation and sea ice
cover. The rest melts ice and warms the atmosphere
and land. The ocean also absorbs significant amounts
of CO2 from the atmosphere, thereby mitigating the
magnitude of climate change. However, the increased
levels of dissolved carbon are changing the chemistry
of seawater and making it more acidic. Sea level rise
is addressed in Section 4.2.
Changes to the physical and chemical properties of
the ocean can have substantial impacts on marine
biodiversity and thus alter marine ecosystem
productivity, functioning and ecosystem-service
provision. As such, climate change affects the
health and resilience of marine ecosystems and the
provision of services to society, such as through
fisheries. These effects of climate change are now
being seen in all of Europe's seas, although the
extent to which impacts have been documented
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varies among the seas (Conversi et al., 2010). The
magnitude of future impacts on marine ecosystems
and the services they provide to humans is strongly
dependent on the future emissions scenario (Gattuso
et al., 2015).

Selection of indicators

By influencing a multitude of physical properties of
the oceans, climate change can cause abrupt changes
across whole ecological systems (EEA, 2015). Such
abrupt changes are called regime shifts and lead
to new regime conditions. Regime shifts are always
caused by multiple drivers lowering overall ecosystem
resilience. For example, the collapse of seagrass
populations can be caused by several key drivers such
as atmospheric CO2, disease, fishing, nutrient inputs,
sea level rise, sediment changes and temperature
changes (Rocha et al., 2014). It should be noted that
these drivers do not apply uniform pressure on the
different components of the marine ecosystems and
that climate change could exacerbate some of these
pressures.

•

ocean acidification;

•

ocean heat content;

•

sea surface temperature;

•

distribution shifts of marine species; and

•

ocean oxygen content.

Given the global extent of climate change, it can
cause continent-wide regime shifts. For example,
in the 1980s, the Mediterranean Sea underwent a
major climate‑induced change, which encompassed
atmospheric (e.g. changes in precipitation and
winter wind regimes), hydrological (e.g. changes
in circulation patterns) and ecological systems
(e.g. significant changes in copepod communities).
It appears that this event in the Mediterranean Sea
was linked to similar ecological shifts in the North
Sea, Baltic Sea and Black Sea, indicating that local
hydrography is linked to large-scale changes in the
northern hemisphere (Conversi et al., 2010). These
new conditions can last for decades and often cannot
provide the same services and benefits to humans
that were enjoyed under the previous ecological
regime. In some cases, there may be no return to the
previous state (Jackson et al., 2001; Weijerman et al.,
2005; Conversi et al., 2015; Mollmann et al., 2014).
Climate change‑induced regime shifts thus affect all
trophic levels of the food web and their associated
biogeochemical cycles. As a result, the overall
resilience of ecosystems decreases, making marine
ecosystems more vulnerable to other high-intensity
ecological stressors. Such high-intensity stressors
include the individual and cumulative impacts of
human activities (e.g. overexploitation, pollution and
the introduction of non-indigenous species).

The remainder of this section considers the following
physical and biological indicators of oceans and
marine ecosystems in Europe's seas:

Of these indicators, the last one is less developed than
the others in terms of data coverage. Furthermore,
this section presents information about observed
and projected impacts of climate change on fish
and fisheries. This information is not suitable for
presentation as an EEA indicator owing to limited data
availability.
Uncertainties and data gaps
In general, changes related to the physical and
chemical marine environment are better documented
than biological changes. For example, systematic
observations of sea surface temperature began around
1880. More recently, these manual measurements have
been complemented by satellite-based observations
that have a high resolution in time and a wide
geographical coverage, as well as by Argo floats (46) that
automatically measure temperature and salinity below
the ocean surface. In contrast, the longest available
time series of plankton from the Continuous Plankton
Recorder (CPR) (47) is around 60 years. Sampling was
started in the North Sea in the 1950s and today a
network covering the entire North Atlantic Ocean has
been established.
Our understanding is improving of how climate
change, in combination with the synergistic impacts
of other stressors, can cause regime shifts in marine
ecosystems, but additional research is still needed to
untangle the complex interactions and their effects
upon biodiversity. Ecological thresholds for individual
species are still only understood in hindsight, i.e. once a
change has occurred.

(46) http://www.argo.ucsd.edu.
(47) https://www.sahfos.ac.uk/services/the-continuous-plankton-recorder.
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4.1.2 Ocean acidification

Key messages
• Ocean surface pH has declined from 8.2 to below 8.1 over the industrial era as a result of the increase in atmospheric
CO2 concentrations. This decline corresponds to an increase in oceanic acidity of about 30 %.
• Ocean acidification in recent decades has been occurring 100 times faster than during past natural events over the last
55 million years.
• Observed reductions in surface water pH are nearly identical across the global ocean and throughout continental
European seas, except for variations near the coast. The pH reduction in the northernmost European seas, i.e. the
Norwegian Sea and the Greenland Sea, is larger than the global average.
• Ocean acidification already reaches into the deep ocean, particularly at the high latitudes.
• Models consistently project further ocean acidification worldwide. Ocean surface pH is projected to decrease to values
between 8.05 and 7.75 by the end of 21st century, depending on future CO2 emissions levels. The largest projected
decline represents more than a doubling in acidity.
• Ocean acidification is affecting marine organisms and this could alter marine ecosystems.

Relevance
Across the ocean, the pH of surface waters has been
relatively stable for millions of years. Over the last
million years, average surface water pH oscillated
between 8.3 during cold periods (e.g. during the
last glacial maximum, 20 000 years ago) and 8.2
during warm periods (e.g. just prior to the industrial
revolution). Rapid increases in atmospheric CO2
concentration due to emissions from human
activities are now threatening this stability, as the
CO2 is subsequently partially absorbed in the ocean.
Currently, the ocean takes up about one-quarter
of the global CO2 emissions coming from human
activities, e.g. combustion of fossil fuels. The uptake of
CO2 in the sea causes ocean acidification, as the pH of
sea water declines, even though ocean surface waters
will remain alkaline.
When CO2 is absorbed by the ocean, it reacts with
water, producing carbonic acid. Carbonic acid
dissociates to form bicarbonate ions and protons,
which further react with carbonate ions. The
carbonate ions act as a buffer, helping to limit the
decline in ocean pH; however, they are being used
up as more and more anthropogenic CO2 is added
to the ocean. As carbonate ion concentrations
decline, so does the ocean's capacity to take up
more anthropogenic CO2. Hence, the ocean's ability
to moderate atmospheric CO2 and thus climate
change comes at the cost of substantial changes in its
fundamental chemistry.
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Ocean acidification can have wide-ranging impacts
on biological systems by reducing the availability
of carbonate (Secretariat of the Convention on
Biological Diversity, 2014). Decreasing carbonate
ion concentrations reduce the rate of calcification of
marine calcifying organisms, such as reef-building
corals, mussels and plankton. pH also affects biological
molecules and processes, e.g. enzyme activities and
photosynthesis. Thus, anthropogenic acidification could
affect entire marine ecosystems. Organisms appear to
be increasingly sensitive to acidification when they are
concurrently exposed to elevated seawater temperature
(Kroeker et al., 2013). Of equal importance is the effect
of acidification on primary producers, as it changes the
bioavailability of essential nutrients, such as iron and
zinc. Primary producers are responsible for a significant
part of global carbon fixation, thereby forming the basis
of marine food webs (Reid et al., 2009).
Past trends
The annual mean atmospheric CO2 concentration
reached 397 ppm in 2014, which is 40 % above the
pre-industrial level (280 ppm); half of that increase
has occurred since the 1980s. Over the same time
period, ocean pH has been reduced from 8.2 to below
8.1, which corresponds to an increase of about 30 %
in ocean acidity (defined here as the hydrogen ion
concentration). This change has occurred at rates
ranging between – 0.0014 and – 0.0024 per year, which
is about a hundred times faster than any change in
acidity experienced during the last 55 million years
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(Rhein et al., 2013). The measured reduction in surface
pH in the surface mixed layer (depths to 100 m)
is consistent with that calculated on the basis of
increasing atmospheric CO2 concentrations, assuming
thermodynamic equilibrium between the ocean surface
and the atmosphere (Byrne et al., 2010; Rhein et al.,
2013). The northernmost seas, i.e. the Norwegian Sea
and the Greenland Sea, have experienced surface water
pH reductions of 0.13 and 0.07, respectively, since the
1980s, both of which are larger than the global average
(Ingunn et al., 2014).
Figure 4.1 shows the decline in ocean surface pH
over the period 1988–2014 from a station offshore of
Hawaii, for which the longest time series is available
(Dore et al., 2009; Dore, 2012). The changes observed
at two other ocean stations suitable for evaluating
long-term trends (offshore of the Canary Islands and
Bermuda) are very similar (Rhein et al., 2013).
Projections
Average surface water pH is projected to decline
further to between 8.05 and 7.75 by 2100, depending
on future CO2 emissions (Figure 4.2). Similar declines
are also expected for enclosed, coastal seas such as
the Baltic Sea (HELCOM, 2013). The largest projected

Figure 4.1

decline represents more than a doubling in acidity (Joos
et al., 2011; Bopp et al., 2013; Ciais et al., 2013; IGBP
et al., 2013).
Surface waters are projected to become seasonally
corrosive to aragonite in parts of the Arctic within a
decade and in parts of the Southern Ocean within the
next three decades in most scenarios. Aragonite is a less
stable form of calcium carbonate and under‑saturation
will become widespread in these regions at atmospheric
CO2 levels of 500–600 ppm (McNeil and Matear, 2008;
Steinacher et al., 2009; Ciais et al., 2013). The waters
of the Baltic Sea will also become more acidic before
the end of the century (HELCOM, 2013). Such changes
affect many marine organisms and could alter marine
ecosystems and fisheries. These rapid chemical
changes are an added pressure on marine calcifiers and
ecosystems of Europe's seas.
Without substantial reductions in CO2 emissions,
recovery from human-induced acidification will require
thousands of years for the Earth system to re-establish
roughly similar ocean chemical conditions (Archer,
2005; Tyrrell et al., 2007; Archer and Brovkin, 2008)
and millions of years for coral reefs to return, based on
palaeo-records of natural coral reef extinction events
(Orr et al., 2005; Veron, 2008).

Decline in ocean surface pH measured at the Aloha station, 1988–2014
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A decline in pH corresponds to an increase in the acidity of ocean water. Data originate from the Aloha station pH time series. Changes
here are similar to those that are observed at a shorter time scale in Europe.

Source:

Adapted from Dore et al., 2009; Dore, 2012.
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Figure 4.2

Projected change in global ocean surface pH
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Note:

The figure shows the projected change in ocean acidity for various emissions scenarios (RCPs) until 2100. A decline in pH corresponds to
an increase in the acidity of ocean water. The thick lines show the model average and the shaded areas show the minimum to maximum
range for each RCP.

Source:

Adapted from IPCC (2013, Figure SPM7(c)).

Box 4.2

Ocean acidification effects on marine biodiversity

Ocean acidification can have a negative impact on the biology and ecology of numerous plants and animals (Secretariat of
the Convention on Biological Diversity, 2014). Impacts include the following:
• Phytoplankton form the base of many marine food webs. Any impacts on their survival and growth due to climate change
could therefore have major impacts on all other marine organisms and also affect commercial fisheries.
• Ocean acidification can affect a range of functions within organisms, such as membrane transport, photosynthesis in
plants, neural processes in animals, growth, reproductive success and survival. Effects can be seen at all levels ranging
from individual organisms to ecosystems. The effects on individual species depends on that species' capacity for adapting
to new conditions (Pörtner et al., 2014).
• The behaviour and sensory performance of marine fish could be impaired at the CO2 levels projected in the ocean within
50–100 years (Welch et al., 2014).
• Acidification will affect species with calcium carbonate skeletons such as reef-building corals causing shifts from coral to
macroalgae dominance on reefs (Enochs et al., 2015).
• The effects of acidification can also include increased mortality and decreased fertilisation rates in sea urchins, decreased
calcification rates and reduced growth rates in mussels, oysters and abalones, and impaired oxygen transport in squids
(Fabry et al., 2008; Hall-Spencer et al., 2008). Many of these observations have been made in laboratory controlled
environments with a surface water pH that may be reached in 2100.
• Ocean acidification and synergistic impacts of other anthropogenic stressors provide the potential for widespread
changes to marine ecosystems (Fabry et al., 2008; Dupont et al., 2010).
• Acidification may not affect all marine environments uniformly. It may have the most effect in open oceanic waters, with
some coastal organisms appearing to be able to alter the pH of their calcifying environment as a result of temporal and
spatial variations in pH (Hendriks et al., 2014).
• Ocean acidification is happening, but the effects on marine biodiversity need to be better understood, especially in regard
to the synergistic effects of other stressors (Hendriks and Duarte, 2010; Hendriks et al., 2010).
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4.1.3 Ocean heat content

Key messages
• The warming of the oceans has accounted for approximately 93 % of the warming of the Earth since the 1950s. Warming
of the upper (0–700 m) ocean accounted for about 64 % of the total heat uptake.
• A trend for increasing heat content in the upper ocean has become evident since the 1950s. Recent observations also
show substantial warming of the deeper ocean (between depths of 700 and 2 000 m and below 3 000 m).
• Further warming of the oceans is expected with the projected climate change. The amount of warming is strongly
dependent on the emissions scenario.

Relevance
The ocean is the most dominant component of the
Earth's heat balance, and most of the total warming
caused by climate change is manifested in increased
ocean heat content (OHC) (Hansen et al., 2011).
Isotherms (i.e. contour lines of a given temperature)
in the ocean have moved at comparable or faster
rates than on land, causing species distribution shifts
(Burrows et al., 2011; Poloczanska et al., 2013). Good
estimates of past changes in OHC are essential for
understanding the role of the oceans in past climate
change, and for assessing future climate change. OHC
integrates temperature change, the density of seawater
and specific heat capacity from the surface down
to the deep ocean. OHC is an anomaly calculated in
comparison with a reference period. OHC is estimated
based on temperature measurements or on reanalyses
using a combination of models and observations
(Levitus et al., 2012). Changes in heat content cause the
ocean to expand or contract, thereby changing global
sea level. This thermosteric effect has contributed
about one-quarter to global sea level rise since 1993
(Church et al., 2011) (see Section 4.2.2).
Past trends
The warming of the oceans has accounted for
approximately 93 % of the warming of the Earth since
the 1950s (Hansen et al., 2011; Rhein et al., 2013;
Howes et al., 2015). OHC has increased since around

1970 (Figure 4.3). Differences in the values for yearly
and five-yearly averages are the result of the particular
method used for spatial gap filling. The linear warming
trends of the uppermost 700 m of the ocean and the
700–2 000 m layer over the time period 1955–2013
were 0.27 W/m2 and 0.39 W/m2 (per unit area of the
ocean), respectively. It is likely that the ocean warmed
between 700 and 2 000 m from 1957 to 2014 and
between 3 000 m and the bottom of the ocean from
1992 to 2005, while trends in ocean temperature
between depths of 2 000 and 3 000 m were not
statistically significant (Purkey and Johnson, 2010;
Levitus et al., 2012; Abraham et al., 2013; Rhein et al.,
2013).
Two-thirds of the observed increase in OHC has
occurred in the upper 700 m of the ocean, with
increases in the layers below a depth of 700 m
accounting for the remaining third. The strongest
warming is found near the sea surface, with the upper
75 m having warmed by more than 0.1 °C per decade
since 1971. It has been estimated that heat uptake
has doubled in recent decades (Gleckler et al., 2016).
At a depth of 700 m, the warming decreases to about
0.015 °C per decade (Rhein et al., 2013). Recently, it
has been determined that past increases in OHC have
been substantially underestimated because of poor
sampling of the Southern Hemisphere and limitations
of the analysis methods (Durack et al., 2014). These
concerns have not yet been considered in the datasets
presented here.
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Figure 4.3

Global ocean heat content at different depths
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Projections
All available ocean temperature projections suggest
that the global ocean will continue to warm. The
largest warming is projected for the upper few
hundred metres of the sub-tropical gyres, similar to
the observed pattern of ocean temperature changes.
Mixing and advection processes will gradually transfer
the additional heat to deeper levels.
The rate of increase of OHC is approximately
proportional to the global mean change in surface

112

85

19

air temperature. Under the low-to-medium (RCP4.5)
emissions scenario, half of the energy taken up
by the ocean by the end of the 21st century will
be by the uppermost 700 m, and 85 % will be by
the uppermost 2 000 m. Projected ocean warming
varies considerably across forcing scenarios.
Globally averaged projected surface warming ranges
from about 1 °C for RCP2.6 to more than 3 °C for
RCP8.5 during the 21st century, and at a depth of
1 000 m ranges from 0.5 °C for RCP2.6 to 1.5 °C for
RCP8.5 (Taylor et al., 2012; Church et al., 2013; Collins
et al., 2013; Kirtman et al., 2013).
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4.1.4 Sea surface temperature

Key messages
• All European seas have warmed considerably since 1870, and the warming has been particularly rapid since the late
1970s. The multi-decadal rate of sea surface temperature rise during the satellite era (since 1979) has been between
0.21 °C per decade in the North Atlantic and 0.40 °C per decade in the Baltic Sea.
• Globally averaged sea surface temperature is projected to continue to increase, although more slowly than atmospheric
temperature.

Relevance
Sea surface temperature (SST) is an important physical
characteristic of the oceans. SST varies naturally
with latitude, being warmer at the equator and
coldest in Arctic and Antarctic regions. As the oceans
absorb more heat, SST will increase (and heat will be
redistributed to deeper water layers). Information on
changes in regional SST complements the information
on changes in global OHC presented in Section 4.1.3.
Increases in SST can lead to an increase in
atmospheric water vapour over the oceans,
influencing entire weather systems. For Europe,
the North Atlantic Ocean plays a key role in the
regulation of climate over the European continent
by transporting heat northwards and by distributing
energy from the atmosphere into the deep parts of
the ocean. The Gulf Stream and its extensions, the
North Atlantic Current and Drift, partly determine
weather patterns over the European continent,
including precipitation and wind regimes. One of
the most visible physical ramifications of increased
temperature in the ocean is the reduced area of
sea ice coverage in the Arctic polar region (see
Section 3.3.2).
Temperature is a determining factor for the
metabolism of species, and thus for their distribution
and phenology, such as the timing of seasonal
migrations, spawning events or peak abundances
(e.g. plankton bloom events) (Box 4.3). There is an
accumulating body of evidence suggesting that many
marine species and habitats, such as cetaceans in the
North Atlantic Ocean, are highly sensitive to changes
in SST (Pinsky et al., 2013; Lambert et al., 2014).
Increased temperature may also increase stratification
of the water column. Such changes can have a
significant influence on vertical nutrient fluxes in the
water column, thereby influencing primary production
and phytoplankton community structure (Hordoir
and Meier, 2012). Further changes in SST could have

widespread effects on marine species and cause the
reconfiguration of marine ecosystems (Edwards and
Richardson, 2004; Poloczanska et al., 2013; Glibert
et al., 2014).
Past trends
The production of consistent, long time series of SST
faces challenges owing to different measurement
devices (in situ measurements from ships and buoys,
as well as remote measurements from satellites),
associated different definitions (e.g. water depth and
time of day of measurement), different bias correction
methods, and different interpolation methods to
account for incomplete spatial and temporal coverage.
As a result, substantially different values for absolute
SST and for SST trends may be reported for a
particular ocean basin, depending on the underlying
global or regional SST dataset. In fact, there is still
considerable uncertainty about the trend in global
SST for the recent period 1979–2012 (Hartmann et al.,
2013, Table 2.6). Furthermore, observed SST trends
for regional seas reflect the combined effects of
anthropogenic warming and natural climate variability
(e.g. Atlantic Multidecadal Oscillation) (Macias et al.,
2013). Despite those uncertainties, it is undisputed
that SST has been increasing globally and in Europe
during the last century.
The current indicator primarily uses information
from the Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST1) dataset (Rayner et al., 2006).
Information on the Mediterranean for the satellite
era is complemented by data from the Copernicus
Marine Environmental Monitoring Service (CMEMS).
The trends, although not necessarily the absolute SST
levels, are consistent between HadISST1 and available
high-resolution SST datasets for the regional seas
(Mediterranean Sea, Baltic Sea and North Sea). The
trends reported here cannot be directly compared
with those in previous versions of this indicator, which
used different underlying datasets.
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Figure 4.4

Trend in average sea surface temperature anomaly in Europe's seas
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Projections
It is very likely that globally averaged ocean
temperatures at the surface and for different ocean
depths will further increase in the near-term and
beyond. Owing to the thermal inertia of the ocean,
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All European seas have warmed considerably since
1870, and the warming has been particularly rapid
since the late 1970s (Figure 4.4). The multi-decadal
rate of SST rise during the satellite era (1979–2015)
has been between 0.21 °C per decade in the North
Atlantic and 0.40 °C per decade in the Baltic Sea.
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global SST is projected to rise more slowly than
atmospheric temperature (Kirtman et al., 2013).
Quantitative SST projections are available only for some
regional seas in Europe (Macias et al., 2013; Chust
et al., 2014). For the Baltic Sea, the increase in summer
SST during the 21st century under medium to high
emissions scenarios is projected to be about 2 °C in the
southern parts and about 4 °C in the northern parts
(HELCOM, 2013). An increase in harmful algal blooms,
with increased risks to human health, ecosystems and
aquaculture, has been projected for the North Sea
and the Baltic Sea as a result of the projected warming
(Glibert et al., 2014).
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4.1.5 Distribution shifts of marine species

Key messages
• Increases in regional sea temperatures have triggered a major northwards expansion of warmer water plankton and a
northwards retreat of colder water plankton in the North-east Atlantic. This northerly movement has amounted to about
10 ° latitude (1 100 km) over the past 40 years, and it seems to have accelerated since 2000.
• Sub-tropical species are occurring with increasing frequency in Europe's seas, and sub-Arctic species are receding
northwards.
• Wild fish stocks are responding to changing temperatures and food supply by changing their distribution. This can have
impacts on those local communities that depend on those fish stocks.
• Further changes in the distribution of marine species, including fish stocks, are expected with the projected climate
change, but quantitative projections of these distribution changes are not widely available.

Relevance
Most marine organisms are 'ectotherms' that rely
on the temperature of their environment to function
optimally and are adapted to the temperature regime
of their existing distribution range. Because of this
relationship between the physical environment and
species' life requirements, the redistribution of species
has emerged as one of the most significant and visible
species responses to climate change (Sunday et al.,
2012).
Climate velocities (the rate and direction that isotherms
shift through space) can be up to seven times higher
in the ocean than on land (Poloczanska et al., 2013).
Combined with fewer dispersal barriers in the
marine environment, this allows marine species to
seek out optimal temperature regimes faster than
most terrestrial species (Pinsky et al., 2013). Changes
in species distribution can therefore be used as
an indicator of climate change impacts in marine
ecosystems, bridging the gap between observed
changes in physical conditions of the sea and observed
changes in biological parameters.
As the distribution and abundance of a species
changes, so will the role of that particular species in the
local or regional marine community. Changes in species
distribution can, in turn, change the overall productivity
and stability of the local ecosystem, thereby ultimately
affecting the food available to (other) fish, birds and
marine mammals (Thackeray et al., 2010; Cardinale
et al., 2012).
Changes in species distribution will also create
challenges for local communities that depend on fish
stocks and other marine resources. For example, the

recent mackerel dispute between the EU and the Faroe
Islands was caused by the fact that the mackerel stock
had increased the time it spent in the waters of the
Faroe Islands rather than in EU waters. This caused
a heated discussion on stock allocation between
countries. Ultimately, it led to an increase in the Faroe
Islands' total allowable catch from 5 to 13 %, with
further increases planned (Hartman and Waibel, 2014).
Such disputes will most likely occur again as coldwater
species retreat northwards. New opportunities may
arise as new species come in from the south, but it is
uncertain whether these will be of a similar commercial
value to the receding ones.
In addition to changes in species distribution, rising sea
surface temperatures are also causing changes in the
phenology of marine species (see Box 4.3).
Past trends
Increases in regional sea temperatures have triggered
a major northwards movement of species. As a result,
sub-tropical species are occurring with increasing
frequency in European waters, and sub-Arctic species
are receding northwards. However, in areas with
geographical constraints, i.e. where a coastline hinders
northwards movement, some species shift into deeper
and cooler waters (Dulvy et al., 2008; Brattegard, 2011;
Pinsky et al., 2013). Some examples are provided below.
Plankton in the Greater North Sea have shown a
northerly movement of about 10 ° latitude over the
past 40 years. This corresponds to a mean polewards
movement of around 250 km per decade, which
appears to have accelerated since 2000 (Beaugrand,
2009). As a result, the ratio of the coldwater Calanus
finmarchicus to the warmwater Calanus helgolandicus
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Box 4.3

Examples of observed changes in species phenology in Europe's seas

The timing of spawning of sole in the Irish Sea and parts of the Greater North Sea has shifted to earlier in the year, at a rate
of 1.5 weeks per decade since 1970, in response to increasing sea surface temperature (MCCIP, 2013).
Long-term changes in the phytoplankton communities in the northern Baltic Sea and the Gulf of Finland have occurred over
the past 30 years. This can be seen in a decline in the spring bloom but an increase in the phytoplankton biomass during
summer in this period. These changes appear to reflect both climate-induced changes and the eutrophication process.
A change in the annual timing of peak seasonal abundance of decapoda larvae from 1958 to 2009 in the central North Sea
has been observed. Since the 1990s, the seasonal development of decapoda larvae has occurred four to six weeks earlier
than the long-term average. This trend towards an earlier seasonal appearance of decapoda larvae during the 1990s was
correlated with sea surface temperature rise. These phenological shifts are a response at the species level, and not simply
different seasonal timings by different species (Lindley and Kirby, 2010).

copepod species has changed considerably over time
(Figure 4.5). While C. helgolandicus is becoming more
abundant in the North Sea, the overall Calanus biomass
has declined by 70 % since the 1960s (Edwards et al.,
2016). Such rapid shifts in distribution range can
reorganise marine species communities and have an
impact on human communities that depend on them.
For example, it has been shown that occurrences
of European sprat are positively correlated with C.
finmarchicus, while species such as Atlantic horse
mackerel are positively correlated with C. helgolandicus
(Montero-Serra et al., 2015).

Figure 4.5

Calanus helgolandicus/Calanus finmarchicus ratio
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Benthic invertebrates are also shifting their
distribution range as temperatures change in the
Greater North Sea, but their response lags behind
the temperature increase. Unless the individual
species are able to withstand a change in thermal
regime, this mismatch could lead to a drop in benthic
diversity (Hiddink et al., 2015). Such reorganisation
will have an impact upon human communities and
challenge traditional approaches to management of,
for example fisheries, which have to consider species
responses to temperature when planning future fishing
opportunities (Rutterford et al., 2015).
Very fast rates of northwards movement were
observed in the coastal waters of southern Norway
from 1997 and 2010. About 1 600 benthic marine
species were found, and of these 565 species had
expanded their distribution northwards along the
coast, at rates of 500–800 km per decade (Brattegard,
2011). Phytoplankton and highly mobile pelagic species
are the fastest migrating organisms; their migration
rate can be an order of magnitude faster than those of
terrestrial species (Poloczanska et al., 2013).
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Increases in the surface temperature of the North Sea
in recent decades have triggered establishment of
warmwater swimming crabs, which in turn has allowed
establishment of colonies of lesser black-backed
gulls in Belgium and northern France (Luczak et al.,
2012). There is also evidence that the overwintering
distributions of many water birds have changed.
In recent decades, in response to warming, their
distributions have shifted northwards and eastwards
out of the United Kingdom (MCCIP, 2013).
In the eastern Mediterranean Sea, the introduction of
warmwater and tropical alien species from the Red Sea
has been exacerbated by observed warming, leading
to a 150 % increase in the annual mean rate of species
entry after 1998 (Raitsos et al., 2010).
Impacts on fisheries
Climate change is also affecting fish stocks of
commercial interest. Wild fish stocks seem to be
responding to changing temperatures and food supply
by changing their geographical distribution and their
phenology. Mackerel and horse mackerel are spawning
earlier in the English Channel, and both earlier and
further north on the Porcupine Bank (off the west coast
of Ireland). International commercial landings from
the North-east Atlantic Ocean of fish species identified
as 'warm-adapted' (e.g. grey gurnard, red mullet and
hake) have increased by 250 % since the 1980s, while
landings of cold-adapted species (e.g. cod, haddock and
whiting) have halved (MCCIP, 2013). A striking example
for the potentially large economic consequences of the
northwards movement of marine species is the recent
establishment of the Northeast Atlantic mackerel
in Greenlandic waters. This temperature-sensitive
epipelagic fish was first observed in Greenlandic waters
in 2011, following record-high summer temperatures.
Following the rapid development of a large-scale
fishery, mackerel already contributed 23 % to the
export value of all goods from Greenland in 2014
(Jansen et al., 2016).

In the North-east Atlantic Ocean, 72 % of commonly
observed fish species have responded to warming
waters by changing their abundance and/or
distribution (Figure 4.6). Traditionally exploited
fish species have moved further northwards in the
region, while new species have moved in, most likely
as a result of a shift in the thermal regime. While
warming can lead to an increase in fish biodiversity
in a region, there is often a concurrent decrease in
the size structure of the fish population. For example,
in the Greater North Sea, the relatively small species
sprat, anchovy and horse mackerel have increased in
recent decades, whereas the larger species cod and
plaice have decreased at their southern distribution
limit (Perry, 2005). This change may have important
socio‑economic consequences, as the stocks moving
out tend to have a higher value than the stocks
moving in. Pronounced changes in community
structures and species interactions of demersal fish
are projected over the next 50 years, as fish will
experience constraints in the availability of suitable
habitat (Rutterford et al., 2015).
Global projections of changes in total catch of marine
fish and invertebrates in response to ocean warming
suggest a large-scale redistribution of global catch
potential, with an increase in high-latitude regions
and a decline in the tropics. In Europe, a considerable
increase in catch potential is expected in the Arctic
(Cheung et al., 2009; Gattuso et al., 2015).
Projections
As sea surface temperatures increase, marine species
will continue to seek out the most optimal temperature
regime for their metabolic demands, thus leading to
further northwards movement of marine species.
However, quantitative projections are not widely
available. Furthermore, non-indigenous species might
become invasive if conditions favour their metabolic
demands, while native species are weakened (Jones
and Cheung, 2015).
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Figure 4.6
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Adapted from Simpson et al., 2011.
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4.1.6 Ocean oxygen content

Key messages
• Dissolved oxygen in sea water affects the metabolism of species. Therefore, reductions in oxygen content (i.e. hypoxic or
anoxic areas) can lead to changes in the distribution of species, including so called 'dead zones'.
• Globally, oxygen-depleted areas have expanded very rapidly in recent decades. The number of 'dead zones' has roughly
doubled every decade since the 1960s and has increased from about 20 in the 1950s to about 400 in the 2000s.
• Oxygen-depleted zones in the Baltic Sea have increased more than 10-fold, from 5 000 to 60 000 km2, since 1900, with
most of the increase happening after 1950. The Baltic Sea now has the largest dead zone in the world. Oxygen depletion
has also been observed in other European seas in recent decades.
• The primary cause of oxygen depletion is nutrient input from agricultural fertilisers, causing eutrophication. The effects
of eutrophication are exacerbated by climate change, in particular increases in sea temperature and in water-column
stratification.

Relevance
Accelerated nutrient flow into the sea (mostly from
agricultural fertilisers) in combination with warming
water temperatures can lead to large phytoplankton
blooms and subsequent increases in primary
production (a process called eutrophication). When
these organisms sink to the sea floor, oxygen is utilised
in their decomposition. If mixing within the water
column cannot supply enough oxygen to the sea floor,
this can lead to oxygen reduction (hypoxia) to levels
that severely limit biological activity and ultimately to
complete oxygen depletion (anoxia).
Most organisms, including marine organisms, require
oxygen for their metabolism. Therefore, lower oxygen
concentrations in seawater affect the physiology,
composition and abundance of species. Rising
water temperatures will have knock-on effects on a
number of different chemical processes in the marine
environment. For example, as the temperature rises,
oxygen becomes less soluble in water, resulting in
lower oxygen concentrations (Keeling et al., 2010); at
the same time, the oxygen demand for metabolism
increases (Pörtner, 2010). Insufficient oxygen supply
to organisms will eventually have knock-on effects
on productivity, species interactions and community
composition at the ecosystem level.

eutrophication, is exacerbated by climate change (here
increasing temperature) through multiple different
linkages with biology, from cellular levels to community
and ecosystem levels. For example, land‑based
nutrient enrichment can lead to a redistribution
in the vertical distribution of primary production.
Such increased nutrient input can increase primary
production in the surface layer, where the oxygen
produced can be exchanged with the atmosphere.
The organic material produced will sink through the
pycnocline (i.e. the ocean layer with a stable density
gradient, which hinders vertical transport) using
oxygen as it decomposes. At the same time, when
primary production occurs below the pycnocline, the
oxygen produced will stay in the bottom layer. As
climate change influences stratification parameters
(see Section 4.1.4), and consequently the depth of
the pycnocline, it could influence light availability
for primary production in the deeper layer, possibly
decreasing oxygen production. In this case, the
interaction between climate change and eutrophication
can have impacts on biodiversity, plankton
communities and oxygen conditions (Lyngsgaard et al.,
2014). Oxygen depletion may also interact with other
anthropogenic stressors in affecting marine ecosystems
and fisheries, such as overfishing or the introduction of
invasive species (Diaz and Rosenberg, 2008).
Past trends

Oxygen depletion can occur episodically (less than
once per year), periodically (several times per year
for short periods) and seasonally (each summer),
and eventually it can become persistent. The Baltic
Sea has the largest dead zone in the world, which
includes large areas of persistent oxygen depletion.
Oxygen-depleted areas are an example of how one
type of anthropogenic pressure, nutrient input causing

Dissolved oxygen in marine ecosystems has changed
drastically in a very short period compared with other
variables of the marine environment. While hypoxic
zones occur naturally in some regions, increased
nutrient loads from agricultural fertilisers have
caused oxygen-depleted areas or even anoxic areas
(so‑called 'dead zones') to expand globally since the
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mid‑20th century. The number of 'dead zones' globally
has increased from about 20 in the 1950s to about 400
in the 2000s (Diaz and Rosenberg, 2008).
Extensive areas with oxygen depletion or even anoxic
areas have been observed for decades in all European
seas (Map 4.1) (Diaz and Rosenberg, 2008; HELCOM,
2009; UNEP/MAP, 2013; Friedrich et al., 2014; Djakovac
et al., 2015; Topcu and Brockmann, 2015).
The largest area of human-induced hypoxia in Europe,
and in fact globally, is found within the Baltic Sea
(including the adjacent seas towards the North Sea).
The Baltic Sea is a shallow basin with restricted inlets,
meaning that the water has a high residence time,
making this water body prone to hypoxia. Hypoxic
areas in the Baltic Sea have increased more than
10‑fold, from 5 000 to 60 000 km2, since 1900, with
most of the increase happening after 1950 (Map 4.2).

Map 4.1

This expansion is primarily linked to increased inputs
of nutrients from the land, but increased respiration
from higher temperatures during the last two decades
(since the early 1990s) has contributed to worsening
oxygen levels (Carstensen et al., 2014; Pyhälä et al.,
2014).
Oxygen depletion initially affects benthic organisms
(i.e. those living on or in the seabed). Benthic organisms
carry out important ecosystem functions, such as
bioturbation, bioirrigation and sediment nutrient
cycling. Benthic organisms also play a crucial role in the
marine food web, so reductions in benthic organisms
can have large impacts to commercial fisheries. The
loss of benthic macrofauna in the Baltic Sea (including
adjacent seas) as a result of hypoxia has been
estimated at 3 million tonnes or about 30 % of Baltic
secondary production (Karlson et al., 2002; Diaz and
Rosenberg, 2008).

Distribution of oxygen-depleted 'dead zones' in European seas
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Map 4.2

Development of oxygen depletion in the Baltic Sea over time
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Development of oxygen depletion in the Baltic Sea over time
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Note:

This map shows the observed spatial distribution of bottom hypoxia (red; < 2 mg/l) and anoxia (black; 0 mg/l) in 1906 (left), 1955 (centre)
and 2012 (right). The spatial distribution represents means across all months.

Source:

Adapted from Carstensen et al., 2014.

Projections
Sea surface temperature is projected to continue to
increase in the Baltic Sea and other European seas
(see Section 4.1.4). As a result, oxygen-depleted areas
will further expand, in particular in the Baltic Sea,

unless nutrient intakes are reduced (Caballero-Alfonso
et al., 2015). The combined effects of oxygen loss and
ocean warming could force polewards movement
and vertical contraction of metabolic viable habitats
and species distribution ranges during this century
(Deutsch et al., 2015).
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4.2

Coastal zones

Key messages
• Mean and extreme sea level have increased globally and along most coasts in Europe. Global mean sea level in 2015
was the highest yearly average over the record. There is increasing evidence of an acceleration in the rate of global
mean sea level rise during recent decades.
• The global mean sea level rise in the 21st century is very likely to be greater than that of the 20th century. Several recent
model-based studies and expert assessments have suggested an upper bound for the global mean sea level rise in the
21st century in the range of 1.5–2.0 m.
• Sea level rise will continue for many centuries, even if greenhouse gas emissions and temperature are stabilised. The
main uncertainty for multi-century sea level rise is how fast the large ice sheets will disintegrate. Individual studies have
suggested that the melting of the Antarctic ice sheet could contribute up to 15 m to sea level rise by 2500 under a high
emissions scenario, but these projections are associated with very large uncertainties.
• Projected increases in extreme high coastal water levels in Europe are likely to mostly be the result of increases in local
relative mean sea level in most locations. However, recent studies suggest that increases in storm activity can also play a
substantial role, in particular along the northern European coastline.
• Projected sea level rise, possible changes in the frequency and intensity of storm surges, and the resulting coastal erosion
are expected to cause significant ecological damage, economic loss and other societal problems along low-lying coastal
areas across Europe unless additional adaptation measures are implemented.

4.2.1 Overview

Policy context

Relevance

Building on the existing EU policy on integrated
coastal zone management (confirmed by EU, 2014b)
and its gradual uptake by Member States, the new
initiatives for maritime spatial planning (launched by
the EU Integrated Maritime Policy) and coastal and
marine issues of climate change adaptation (part
of the EU Strategy on adaptation to climate change,
EC, 2013) have expanded the horizontal policy
platform, and offer new opportunities for integrated
spatial management and adaptation of Europe's
coastlines.

Coastal zones in Europe are centres of population
and economic activity, and they are home to diverse
ecosystems, in particular wetland and littoral
ecosystems. Some low-lying coastal regions, in
particular on islands, are important biodiversity
hotspots (Bellard et al., 2013, 2014). Projected climate
change, including sea level rise and associated
changes in the frequency and/or intensity of storm
surges and erosion, threatens human and natural
systems along continental coasts and on islands in
various ways.
The management of coastal zones needs to consider
the multiple functions of many coastal areas, and
this is increasingly occurring through integrated
coastal zone management. Adaptation policies also
need to consider the full range of adaptation options,
including measures such as dike building, beach
nourishment, rehabilitation of coastal ecosystems,
spatial planning, integrated coastal zone management,
and elaboration and distribution of flood hazard and
flood risk maps for costal zones according to the EU
Floods Directive (EC, 2007).
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In July 2014, the European Parliament and the Council
adopted legislation to create a common framework
for maritime spatial planning in Europe (EU, 2014a).
This directive established a framework for 'maritime
spatial planning' (public policy that deals exclusively
with managing maritime space but not land space)
and provided new guidance for integrated coastal
management. The directive clearly presents the need
for an integrated planning and management approach
to tackle the multiple pressures on coastal resources.
Specifically, while clearly leaving terrestrial spatial
planning along the coast up to individual Member
States, it addresses land–sea interactions as part of
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the framework and suggests how these can feed in to
integrated coastal management processes.
The coastal zones can be rendered sustainable only
through a broad-based coalition of policy actions
based on national and/or regional integrated coastal
management platforms (or strategies). The key
components of such an alliance include the economic
sectors based on sustainable use of coastal resources,
the implementation of existing environmental legislation
(for an overview, see EEA, 2013) and actions (strategies)
for adaptation to climate change that together
contribute to increased resilience of coastal areas and
communities.
Selection of indicators
The following section presents the indicator 'global and
European sea level' in relation to climatic threats to the
coastal zone. This indicator, which is part of the EEA
core set of indicators, addresses global mean sea level
rise and changes in mean and extreme sea level along
European coasts.
One of the prominent issues across European coastlines
is coastal erosion. Information on coastal erosion is not
presented as an EEA indicator because the underlying
information base is out-dated and regular updates
cannot be expected. Instead, a brief summary of the
available information base is presented here. Coastal
erosion is the process of the wearing away of material
from a coastal profile as a result of an imbalance in the
supply and export of material from a certain coastline
section, which results in coastline retreat and loss of
land. It takes place mainly during strong winds, high
waves and high tides, which are all potentially influenced
by climate change. The increasing human use of the
coastal zone has turned coastal erosion from a natural
phenomenon into a problem of growing importance for
societies. Coastal erosion in Europe causes significant
economic loss, ecological damage and societal problems.
Loss of property, residential and commercial buildings,
infrastructure, beach width, and valuable coastal habitat
causes millions of euros worth of economic damage
each year and presents significant management issues.
At the same time, protection is expensive. For example,
in Portugal, EUR 500 million was invested in dune and

seafront rehabilitation and hard defence between 1995
and 2003 along a coastal stretch from the harbour of
Aveiro to the resort of Vagueira (Marchand, 2010).
Many European coasts are being affected by coastal
erosion. According to the Eurosion project (48)
(Eurosion, 2004), in total, ca. 15 % of the European
coastline was eroding, about the same amount was
accreting (almost exclusively in northern Europe), 40 %
was stable, and data were missing for the remaining
30 %. About 4 700 km of the European coastline have
become artificially stabilised, and 2 900 km thereof
were retreating in spite of coastal protection works.
Coastal erosion will be increased by climate change.
Sea level rise is one of the most important drivers of
accelerated erosion because it implies an increase
in sediment demand, as retreating coastlines and
higher sea levels will raise extreme water levels, allow
waves to break nearer to the coast and transmit
more wave energy to the shoreline. Other drivers of
climate change that may exacerbate erosion rates
are increased storminess, higher waves and changes
in prevalent wind and wave directions (Marchand,
2010). Despite their high relevance, no data collection
on coastal erosion trends and impacts has been
undertaken at the European level since 2004. Thus,
the knowledge base for dealing with this prominent
hazard remains a patchwork of case-based research
projects and practical coastal defence solutions at the
local level.
Saltwater intrusion into freshwater reservoirs is another
significant risk along low-lying coastal regions. Saltwater
intrusion can be caused by relative sea level rise and
by overexploitation of groundwater resources. It can
threaten freshwater supply, agriculture and ecosystems
in coastal regions. However, the data currently available
are insufficient for developing an indicator on saltwater
intrusion.
Information on the ecological impacts of climate change
(including sea level rise) in coastal zones is available
for some regions (see, for example, The BACC II Author
Team, 2015). However, it is not presented in this report
because of a lack of data at the European scale. Further
information on the economic and health risks associated
with sea level rise is presented in Sections 5.2.3 and 6.3.

(48) http://www.eurosion.org.
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4.2.2 Global and European sea level

Key messages
• Global mean sea level has risen by 19.5 cm from 1901 to 2015, at an average rate of 1.7 mm/year, but with significant
decadal variation. The rate of sea level rise since 1993, when satellite measurements have been available, has been
higher, at around 3 mm/year. Global mean sea level in 2015 was the highest yearly average over the record and ~ 70 mm
higher than in 1993.
• Evidence for a predominant role of anthropogenic climate change in the observed global mean sea level rise and for an
acceleration during recent decades has strengthened since the publication of the IPCC AR5.
• Most coastal regions in Europe have experienced an increase in absolute sea level and in sea level relative to land, but
there is significant regional variation.
• Extreme high coastal water levels have increased at most locations along the European coastline. This increase appears to
be predominantly due to increases in mean local sea level rather than to changes in storm activity.
• Global mean sea level rise during the 21st century will very likely occur at a higher rate than during the period 1971–2010.
Process-based models considered in the IPCC AR5 project a rise in sea level over the 21st century that is likely in the range
of 0.26–0.54 m for a low emissions scenario (RCP2.6) and 0.45–0.81 m for a high emissions scenario (RCP8.5). However,
several recent studies suggest substantially higher values. Several national assessments, expert assessments and recent
model‑based studies have suggested an upper bound for 21st century global mean sea level rise in the range of 1.5–2.0 m.
• Available process-based models project that global mean sea level rise by 2300 will be less than 1 m for greenhouse
gas concentrations that peak and decline and do not exceed 500 ppm CO2-equivalent, but will be in the range of 1 m to
more than 3 m for concentrations above 700 ppm CO2-equivalent. However, these models are likely to systematically
underestimate the sea level contribution from Antarctica, and some recent studies suggest substantially higher rates of
sea level rise in the coming centuries.
• The rise in sea level relative to land along most European coasts is projected to be similar to the global average, with the
exception of the northern Baltic Sea and the northern Atlantic Coast, which are experiencing considerable land rise as a
consequence of post-glacial rebound.
• Projected increases in extreme high coastal water levels are likely to mostly be the result of increases in local relative
mean sea level in most locations. However, recent studies suggest that increases in the meteorologically driven surge
component can also play a substantial role, in particular along the northern European coastline.

Relevance
Sea level is an important indicator of climate
change because it can have significant impacts on
settlements, infrastructure, people and natural
systems. It acts on time scales much longer than those
of indicators that are closely related to near‑surface
temperature change. Even if greenhouse gas
concentrations were stabilised immediately, sea level
would continue to rise for many centuries (IPCC, 2013,
2014).
Changes in global mean sea level (GMSL) result from
a combination of several physical processes. Thermal
expansion of the oceans occurs as a result of warming
ocean water. Additional water is added to the ocean
from a net melting of glaciers and small ice caps, and
from the disintegration of the large Greenland and
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Antarctic ice sheets. Further contributions may come
from changes in the storage of liquid water on land,
in either natural reservoirs such as groundwater or
man‑made reservoirs.
The locally experienced changes in sea level differ
from global average changes for various reasons
(Church et al., 2013, FAQ 13.1). First, changes in water
density are not expected to be spatially uniform,
and the spatial pattern also depends on changes
in large-scale ocean circulation. Second, changes in
the gravity field, for instance as water moves from
melting ice on land to the ocean, also varies across
regions. Finally, at any particular location, there may
be a vertical movement of the land in either direction,
for example due to the ongoing effects of post-glacial
rebound (also known as glacial isostatic adjustment),
which is particularly strong in northern Europe, to
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local groundwater extraction or to other processes,
including tectonic activity.
In Europe, the potential impacts of sea level
rise include flooding, coastal erosion and the
submergence of flat regions along continental
coastlines and on islands. Rising sea levels can also
cause saltwater intrusion into low-lying aquifers, thus
threatening water supplies and endangering coastal
ecosystems and wetlands. Higher flood levels increase
the risk to life and property, including to sea dikes
and other infrastructure, with potential impacts on
tourism, recreation and transportation functions.
Low-lying coastlines with high population densities
and small tidal ranges are most vulnerable to sea level
rise, in particular where adaptation is hindered by a
lack of economic resources or by other constraints.
Damage associated with sea level rise is mostly
caused by extreme events, such as storm surges. Of
most concern are events when the surge coincides
with high tidal levels and increases the risk of coastal
flooding owing to extreme water levels. Changes
in the climatology of extreme water levels (i.e. the
frequency and height of maximum water levels) may
be caused by changes in local mean sea level (i.e. the
local sea level relative to land averaged over a year or
so), changes in tidal range, changes in the local wave
climate or changes in storm surge characteristics. One
multi-model study concluded that climate change can
both increase and decrease average wave height along
the European coastline, depending on the location and
season. Wave height is projected to change by less
than 5 % during the 21st century (Hemer et al., 2013).
Changes in storm surge characteristics are closely
linked to changes in the characteristics of atmospheric
storms, including the frequency, track and intensity of
the storms (see Section 3.2.6). The intensity of storm
surges can also be strongly affected by regional and
local-scale geographical features, such as the shape
of the coastline. Typically, the highest water levels are
found on the rising limb of the tide. The most intense
surge events typically occur during the winter months
in Europe.
The most obvious impact of extreme sea level is
flooding. The best known coastal flooding event in
Europe in living memory occurred in 1953 when
a combination of a severe storm surge and a high
spring tide caused in excess of 2 000 deaths in the
Netherlands, Belgium and the United Kingdom, and
damaged or destroyed more than 40 000 buildings
(Baxter, 2005; Gerritsen, 2005). Currently, around
200 million people live in the coastal zone in Europe,
as defined by Eurostat (Collet and Engelbert, 2013).
Coastal storms and storm surges can also have

considerable ecological impacts, such as seabird
wrecks, disruption to seal mating and pupping, and
increases in large mammal and turtle strandings.
Past trends: global mean sea level
Sea level changes can be measured using tide
gauges and remotely from space using satellite
altimeters. Many tide gauge measurements have long
multi‑decade time series, with some exceeding more
than 100 years. However, the results can be distorted
by various local effects. Satellite altimeters enable sea
level to be measured from space and give much better
spatial coverage (except at high latitudes). However,
the length of the altimeter record is limited to only
about two decades.
The IPCC AR5 estimated that GMSL rose by 19.5 cm in
the period between 1901 and 2015, which corresponds
to an average rate of around 1.7 mm/year (Figure 4.7,
updated from IPCC AR5). This rate is somewhat higher
than the sum of the known contributions to sea level
rise over this period (Church et al., 2013). This value
has been confirmed by more recent studies (Jevrejeva,
Moore et al., 2014; Wenzel and Schröter, 2014).
One reanalysis suggests that GMSL during the 20th
century rose at a lower rate of 1.2 ± 0.2 mm/year (Hay
et al., 2015), but this reanalysis has been criticised
for its non-representative selection of tide gauges
(Hamlington and Thompson, 2015). Evidence from
formal detection and attribution studies showing that
most of the observed increase in GMSL since the 1950s
can be attributed to anthropogenic climate change has
increased since the publication of the IPCC AR5 (Jordà,
2014; Slangen, Church et al., 2014; Clark et al., 2015).
All estimates for the rate of GMSL rise during the period
since 1993, for which satellite-based measurements are
available, are considerably higher than the 20th century
trend, at 2.6–3.2 mm/year (Church and White, 2011;
Masters et al., 2012; Church et al., 2013; Rhein et al.,
2013; Jevrejeva, Moore, et al., 2014; Clark et al.,
2015; Hay et al., 2015; Watson et al., 2015). Different
statistical methods for assessing sea level trends and
changes therein can come to somewhat different
conclusions (Visser et al., 2015). However, available
assessments agree that an acceleration in the rate of
GMSL rise since the early 1990s is detectable, despite
significant decadal variation. Global mean sea level in
2015 was the highest yearly average over the record
and ~ 70 mm higher than in 1993 (Blunden and Arndt,
2016).
The causes of GMSL rise over recent decades are now
reasonably well understood. Thermal expansion and
melting of glaciers account for around 75 % of the
measured sea level rise since 1971. The contribution
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Figure 4.7

Observed change in global mean sea level
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The figure depicts the rise in global mean sea level from 1880 to 2015, relative to the 1990 level, based on two sources. The green line
shows a reconstruction for 1880 to 2013 from coastal and island tide gauge data. The uncertainty interval is shown in grey. The dark blue
line shows a time series for 1993 to 2015 based on altimeter data from the TOPEX/Poseidon, Jason-1 and Jason-2 satellites. Corrections
for the inverse barometer effect and glacial isostatic adjustment have been applied.

Source:

Adapted from Church and White, 2011; Masters et al., 2012. Data supplied by Benoit Legresy (Commonwealth Scientific and Industrial
Research Organisation (CSIRO)).

from melting of the Greenland and Antarctic ice sheets
has increased since the early 1990s. Changes in land
water storage have made only a small contribution,
but the rate of groundwater extraction has increased
recently and now exceeds the rate of storage in
reservoirs (Church et al., 2011, 2013; Clark et al.,
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60

19

2015). A recent study concludes that climate-driven
variability in precipitation has resulted in increased
water storage on land, and that global sea level rise
in the period 2002–2014 would have been 15–20 %
higher in the absence of this climate variability (Reager
et al., 2016).
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Past trends: mean sea level along the European
coastline
Sea level measurements for the European region
are available from satellite altimeter observations
(Map 4.3) and from tide gauges (Map 4.4). Satellite
observations, which show changes in absolute sea
level, are available from 1993. Tide gauge records can
be more than 100 years long; they show changes in
relative sea level considering also land changes, which
is more relevant for coastal protection than absolute
sea level. Most European coastal regions experience
increases in both absolute and relative sea level, but
there are sizeable differences between the rates of
absolute and relative sea level change across Europe.
Map 4.3 shows linear trends in absolute sea level
from 1992 to 2014 as observed by satellites. The main
differences between regional seas and basins are
primarily the result of different physical processes
being the dominant cause of sea level change at
different locations. For instance, the Mediterranean

Map 4.3
-30°

Sea is a semi-closed, very deep basin, exchanging
water with the Atlantic Ocean through only the
narrow Gibraltar Strait. Salinity in the Mediterranean
Sea may increase in the future and this will tend to
offset rises in sea level due to thermal expansion
from warming. The NAO, interannual wind variability,
changes in ocean circulation patterns, and the location
of large‑scale gyres and small-scale eddies are
further factors that can influence local sea level in the
European seas. Obviously, sea level changes in coastal
zones are most relevant for society.
Map 4.4 shows linear trends in relative sea level from
1970 to 2014 as observed by tide gauge stations in
Europe. These trends can differ from those measured
by satellites because of the longer time period
covered and because tide gauge measurements
are influenced by vertical land movement whereas
satellite measurements are not. In particular, since the
last ice age, the lands around the northern Baltic Sea
have been, and are still, rising owing to the post-glacial
rebound (Johansson et al., 2002).
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areas further away from the coast. In some regions of the Mediterranean Sea, the depicted trends reflect long-term variability in gyres
(i.e. rotating ocean currents) rather than the effects of climate change.

Source:

Data supplied by CLS/CNES/LEGOS group (also available through CMEMS).

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

127

Climate change impacts on environmental systems

Map 4.4
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Trend in relative sea level at selected European tide gauge stations
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Source:

Holgate et al., 2012; PSMSL, 2016.

Past trends: extreme sea level along the European
coastline
Producing a clear picture of either past changes or
future projections of extreme high water levels for
the entire European coastline is a challenging task
because of the impact of local topographical features
on surge events. While there are numerous studies
for the North Sea coastline, fewer are available for the
Mediterranean Sea and the Baltic Sea, although this
situation is starting to improve.
Extreme sea levels show pronounced short- and
long-term variability. A recent review of extreme
sea level trends along European coasts concluded
that long-term trends are mostly associated with
the corresponding mean sea level changes. Changes
in wave and storm surge climate mostly contribute
to interannual and decadal variability, but do not
show substantial long-term trends (Weisse et al.,
2014). When the contribution from local mean sea
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level changes and variations in tide are removed
from the recent trends, the remaining effects of
changes in storminess on extreme sea level are much
smaller or even no longer detectable (Menéndez
and Woodworth, 2010; Hov et al., 2013; Weisse et al.,
2014). Additional studies are available for some
European coastal locations, but these typically focus
on more limited spatial scales (Araújo and Pugh, 2008;
Haigh et al., 2010; Marcos et al., 2011; Dangendorf
et al., 2014). The only region where significant
increases in storm surge height were found during
the 20th century is the Estonian coast of the Baltic Sea
(Suursaar et al., 2009).
In conclusion, while there have been detectable
changes in extreme water levels around the European
coastline, most of these are the result of changes in
local mean sea level. The contribution from changes
in storminess is currently small in most European
locations and there is little evidence that any trends
can be separated from long-term natural variability.
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Projections: global mean sea level
Currently, there are two main approaches to projecting
future sea level. Process-based models represent the
most important known physical processes explicitly,
whereas empirical statistical models look at the
relationship between temperature (or radiative forcing)
and sea level that has been observed in the past and
extrapolate it into the future. A significant recent step
forwards in projecting future sea levels is the improved
understanding of the contributing factors to recently
observed sea level rise, which has increased confidence
in the use of process-based models for projecting the
future (Church et al., 2013).
The IPCC AR5 concludes that the rate of GMSL rise
during the 21st century will very likely exceed the rate
observed in the period 1971–2010 for all emissions
scenarios. Process-based models estimate the rise
in GMSL for the period 2081–2100, compared with
1986–2005, to be likely in the range of 0.26–0.54 m
for RCP2.6, 0.32–0.62 m for RCP4.5, 0.33–0.62 m for
RCP6.0 and 0.45–0.81 m for RCP8.5. For RCP8.5, the
rise in GMSL by 2100 is projected to be in the range
of 0.53–0.97 m, with a rate during 2081–2100 of
7–15 mm/year. Based on current understanding, only
a collapse of marine‑based sectors of the Antarctic Ice
Sheet (i.e. those areas where the bed lies well below

Figure 4.8

Projections of global mean sea level
rise and its contributing factors

Note:

This figure shows projections for global mean sea level
rise and its contributing factors in 2081–2100 relative to
1986–2005 from process-based models for the four RCPs
and the emissions scenario SRES A1B used in the IPCC AR4.
The grey boxes show the median of the model projections
(central bar) and the likely range, which comprises twothirds of the model projections. The coloured bars and
boxes show estimates for the different contributions to
global mean sea level rise. For further information, see the
source document.

Source:

Church et al., 2013 (Figure 13.10). @ 2013 Intergovernmental
Panel on Climate Change. Reproduced with permission.

sea level and the edges flow into floating ice shelves)
could cause GMSL to rise substantially (by up to several
tenths of a metre) above the likely range projected for
the 21st century, but the evidence is insufficient for
estimating the likelihood of such a collapse (Figure 4.8).
Projections of sea level rise from recent empirical
statistical models calibrated with newly available sea
level reconstructions align with those from current
process-based models (Kopp et al., 2016; Mengel et al.,
2016).
Some recent studies highlight the contributions to
recent sea level rise from ice sheet melting that were
not included in the process-based models underlying
the AR5 estimates above (e.g. Khan et al., 2014;
DeConto and Pollard, 2016; Fürst et al., 2016; Hansen
et al., 2016) (see also Section 3.3.3). A broad expert
assessment of future sea level rise resulted in higher
estimates than those from the process-based models
reviewed in the AR5. The best expert estimates for sea
level rise during the 21st century were 0.4–0.6 m for the
low forcing scenario (RCP2.6) and 0.7–1.2 m for the high
forcing scenario (RCP8.5) (Horton et al., 2014). Similar
results were derived in other recent studies (Kopp et al.,
2014; Johansson et al., 2014). A study that combined
the model-based assessments from the AR5 with
updated models and probabilistic expert assessment
of the sea level contributions from the Greenland and
Antarctic ice sheets suggests an upper limit for GMSL
rise during the 21st century of 180 cm, which has a 5 %
probability of being exceeded under the RCP8.5 forcing
scenario (Jevrejeva, Grinsted et al., 2014). Various
national reports have also used values in the range of
1.5–2.0 m as upper estimates for GMSL rise during the
21st century. One recent study suggests that ice sheet
melting in Antarctica and Greenland could occur much
faster than previously assumed, which would result in
sea level rise of several metres during the 21st century
(Hansen et al., 2016), but these findings have been
controversial. These high-end scenarios are somewhat
speculative, but their consideration is nevertheless
important for long‑term coastal risk management, in
particular in densely populated coastal zones (Hinkel
et al., 2015).
Sea level rise will continue far beyond 2100. Based
on a limited number of available simulations with
process-based models, the AR5 suggests that the
GMSL rise by 2300 will be less than 1 m for greenhouse
gas concentrations that do not exceed 500 ppm
CO2‑equivalent, but will be in the range of 1 m to
more than 3 m for concentrations above 700 ppm
CO2‑equivalent. However, the AR5 also considered
it likely that the underlying models systematically
underestimate Antarctica's future contribution to sea
level rise (Jevrejeva et al., 2012; Schaeffer et al., 2012;
Church et al., 2013). Estimates for GMSL rise beyond
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2100 from the above-mentioned expert assessment
are broadly comparable (Horton et al., 2014; Kopp
et al., 2014). A more recent study suggests that melting
of the Antarctic ice sheet alone could lead to sea level
rise of more than 15 m by 2500 under a high emissions
scenario (DeConto and Pollard, 2016).
On a multi-millennial time scale, projections based on
process-based models suggest a quasi-linear GMSL rise
of 1–3 m per degree of global warming for sustained
warming over a period of 2 000 years. Significantly
higher estimates for GMSL rise on multi‑millennial
time scales, of up to 50 m over 10 000 years for a
high emissions scenario, have been derived from
the geological record (Church et al., 2013; Foster and
Rohling, 2013; Levermann et al., 2013; Clark et al., 2016;
DeConto and Pollard, 2016; Hansen et al., 2016).
Projections: mean sea level along the European coastline
Regional and local sea levels differ from the
global mean owing to large-scale factors such as

Map 4.5
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non‑uniform changes in ocean density and changes
in ocean circulation. Furthermore, disintegrating
land-ice affects sea level differentially because of
gravitational effects and the viscoelastic response
of the lithosphere (Konrad et al., 2013). Sea level
is also affected by changes in atmospheric loading
(the 'inverse barometer' effect) and vertical land
movement. While there remains considerable
uncertainty in the spatial patterns of future sea
level rise, around 70 % of the world's coastlines are
expected to experience a local mean sea level change
within ± 20 % of the projected GMSL change (Church
et al., 2013).
Relative sea level change along most of the European
coastline is projected to be reasonably similar to the
global average. The main exceptions are the northern
Baltic Sea and the northern Atlantic coast, which are
experiencing considerable land rise as a consequence
of post-glacial rebound. As a result, sea level relative
to land in these regions is rising slower than elsewhere
or may even decrease (Map 4.5) (Church et al., 2013;
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emissions scenario RCP4.5 based on an ensemble of CMIP5 climate models. Projections consider gravitational fingerprinting and land
movement due to glacial isostatic adjustment, but not land subsidence as a result of human activities. No projections are available for
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Source:

Adapted from IPCC, 2013 (Figure TS.23 (b)). Data were supplied by Mark Carson (ZMAW, Germany).
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HELCOM, 2013; Slangen, Carson et al., 2014; Johansson
et al., 2014). A probabilistic assessment of regional
sea-level rise in northern Europe reported central
estimates of relative sea level change during the
21st century for the RCP8.5 emissions scenario from
– 14 cm (in Luleå, northern Sweden) to 84 cm in Den
Helders (Netherlands); high estimates (with a 5 %
probability to be exceeded) range from 52 cm to
181 cm, respectively (Johansson et al., 2014).
A recent review study estimated that 21st century
sea level rise along the Dutch coast would be in the
range of 25 to 75 cm for a low warming scenario and
50 to 100 cm for a high warming scenario (year 2100,
compared with the 1986–2005 baseline period) (KNMI,
2014). Making regional projections for relatively small
isolated and semi-closed ocean basins, such as the
Mediterranean or the Baltic, is even more difficult
than for the open ocean.
Sea level rise substantially increases the risk of
coastal flooding, which affects people, communities
and infrastructure. For example, the ClimateCost
and PESETA II projects have estimated that a 30 cm
sea level rise by the end of the 21st century, in the
absence of public adaptation, would more than triple
annual damages from coastal floods in the EU from
EUR 5 to 17 billion (Brown et al., 2011; Ciscar et al.,
2014). These potential impacts can be substantially
reduced by timely adaptation measures, but they are
associated with significant costs (Mokrech et al., 2014).
For further information, see Sections 5.1, 5.2 and 6.2.
Projections: extreme sea level at the European coastline
Future projections of extreme sea level can be made
using either process-based (dynamic) or empirical
statistical modelling of storm surge behaviour
driven by the output of global climate models (Lowe
et al., 2010). Uncertainty in these projections for
Europe remains high and is ultimately linked to the
uncertainty in future mid-latitude storminess changes.
This is an area where current scientific understanding
is advancing quickly, as climate model representations
of aspects of northern hemisphere storm track
behaviour are showing improvements associated
with, for instance, greater ocean and atmosphere
resolution. However, the newest global climate models
have not yet, typically, been downscaled to suitably

fine scales and used in studies of future storm surges
(Hov et al., 2013; Scaife et al., 2014).
It has generally been expected that projected increases
in extreme sea level along the European coast during
the upcoming decades will mostly be the result of
mean sea level changes rather than changes in wave
and storm surge climate (Weisse et al., 2014). However,
several recent studies suggest that changes in wave and
storm surge climate may also play a substantial role
in sea level changes during the 21st century in some
regions. One recent study based on a multi‑model
ensemble projects an increase in storm surge level for
most scenarios and return periods along the northern
European coastline, which is more prominent for
RCP8.5 than for RCP4.5, and which can exceed 30 %
of the relative sea level rise. Storm surge levels along
most European coastal areas south of 50 °N showed
small changes (Vousdoukas et al., 2016). Similar results
were obtained by another study, which found that
increases in storm surges can contribute significantly
to the projected increases of the 50-year flood height in
north-western Europe, particularly along the European
mainland coast (Howard et al., 2014). Sea level rise
may also change extreme water levels by altering the
tidal range. Tidal behaviour is particularly responsive in
resonant areas of the Bristol Channel and the Gulf of
Saint-Malo (with large amplitude decreases) and in the
south-eastern German Bight and Dutch Wadden Sea
(with large amplitude increases) (Pickering et al., 2012).
The frequency of flooding events is estimated to increase
by more than a factor of 10 in many European locations,
and by a factor of more than 100 in some locations
(Map 4.6) for the RCP4.5 scenario (Hunter, 2012; Church
et al., 2013; Hunter et al., 2013). Large changes in flood
frequency mean that what is an extreme event today
may become the norm by the end of the century in some
locations (see Box 4.4, for an example from Denmark).
A 10 cm rise in sea level typically causes an increase by
about a factor of three in the frequency of flooding to a
given height. However, for any particular location, it is
important to look in detail at the change in the height
of flood defences that might be required. Where the
flood frequency curve is very flat, modest increases in
flood defences be sufficient. Where the flood frequency
curve is steeper, larger increases in protection height or
alternative adaptation, including managed retreat, might
be needed.
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Map 4.6
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This map shows the multiplication factor (shown at tide gauge locations by coloured dots) by which the frequency of flooding events of
a given height is projected to increase between 2010 and 2100 as a result of regional relative sea level rise under the RCP4.5 scenario.
Values larger than 1 depict an increase; values smaller than 1 depict a decrease. The decreases occurring in the northern parts of the
Baltic Sea are caused by glacial isostatic adjustment.

Source:

Adapted from Church et al., 2013 (Figure 13.25b).
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Box 4.4

Sea level variability and storm surges in Denmark: past and future

Local sea level measured by tide gauges is influenced by GMSL rise due to anthropogenic warming, by vertical land movement
(which can have natural and anthropogenic causes) and by natural variations at different time scales ranging from daily to
annual and decadal. Figure 4.9 (left) illustrates the complex pattern of interannual variability and long-term trends by showing
the observed annual mean relative sea level at nine Danish tide gauges, all within a distance of less than 400 km of each other.
The increasing spread of the curves in the earlier decades, relative to the later, reference, period 1986–2005 is caused primarily
by differences in vertical land movement across the various sites. In contrast, Figure 4.9 (right) shows the absolute sea level at
the same sites, which is calculated by removing the effect of land changes. Following this correction, the overall trend of about
1.9 ± 0.3 mm/year is clearly distinguishable from the interannual variability. Furthermore, both the trend and the variability
are generally coherent within the region. However, the interannual variability of sea level at local and regional scales is so large
that trends calculated over short time periods (i.e. a few decades) are associated with large uncertainty.
Figure 4.9

Observed trend in absolute and relative sea level from nine Danish tide gauges with more than
100 years of data
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Hansen, 2013; Madsen and Schmith, 2014.

Various analyses have shown that the Danish coast will
be significantly more exposed to storm surges in the
future as a result of the projected sea level rise (Hallegatte
et al., 2011; Madsen and Schmith, 2014; Olesen et al.,
2014). Adaptation is needed to protect communities and
infrastructure against these impacts.

Figure 4.10

The largest changes in storm surge levels are projected
along coasts already exposed to storm surges, where a
given increase in absolute sea level and/or in storminess
will have the largest effect. Even relatively protected
coastlines may require attention if, when implementing the
coastal protection, small natural variability was assumed.
In this situation, therefore, small changes in mean sea level
would lead to large increases in storm surge frequencies.
Figure 4.10 shows in a concrete example how a 'moderate'
rise in average sea level can strongly increase the risk of
storm surges in Copenhagen. A storm surge of 1.5 m that
is presently a 100-year event in Copenhagen would occur
every second year following a relative sea level rise of 0.5 m.
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Madsen and Schmith, 2014; adapted from Sørensen et al.,
2013.
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4.3

Freshwater systems

Key messages
• In general, river flows in Europe have increased in winter and decreased in summer since the 1960s, but with substantial
regional and seasonal variation. Climate change is an important factor in these observed changes, but other factors, such
as river engineering, also have a strong influence.
• The number of very severe flood events in Europe have increased since 1980, but with large interannual variability. It is
not currently possible to quantify the contribution of increased heavy precipitation in parts of Europe compared to better
reporting and land-use changes.
• The severity and frequency of droughts appear to have increased in parts of Europe, in particular in southern and
south‑eastern Europe. Meteorological and hydrological droughts are projected to increase in frequency, duration, and
severity in most of Europe, with the strongest increase projected for southern Europe.
• Climate change has increased the water temperature of rivers and lakes, and has shortened seasonal ice cover.
• Changes in river flows and water temperature have important impacts on water quality and on freshwater ecosystems.

4.3.1 Overview
Water is essential to life and is an indispensable resource
for ecosystems and their services (see Section 4.5) and
for nearly all human activities. It is intricately linked
with climate, such that any alteration in the climate
system will induce changes in the hydrological cycle.
Consequently, the spatial and temporal distribution of
freshwater resources and the socio-economic activities
that are dependent upon water are affected by climate
variability and climate change.
There is growing evidence that climatic changes in recent
decades have already affected the global hydrological
cycle, for example through changes in seasonal river
flows (i.e. the rate of water flow, also known as river
discharge) and increasing severity and frequency of both
river floods and droughts in some regions. However, the
detection of significant long-term trends in hydrological
variables is generally difficult owing to substantial
interannual and decadal variability. Furthermore, the
attribution of observed changes is complicated because
of modifications to natural water flows arising from
morphological changes, water abstractions and land-use
change.
Policy context
The Water Framework Directive (EC, 2000) does not
mention climate change or adaptation directly. However,
climate change pressures are exacerbated by human
and economic activities, and climate change poses an
additional threat to the flow regime of water ecosystems
(EEA, 2012a).
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The shifts in the extremes, rather than the trends in
the averages, are likely to be the biggest challenge
for adaptation (EEA, 2012c; IPCC, 2012) and are
also likely to be the drivers of increasing cost for
adapting infrastructure (OECD, 2013). The strategies
for disaster risk management developed within the
context of climate change requires measures that are
specific to local circumstances, including sustainable
land management and spatial planning (IPCC,
2012). The river basin approach avoids passing on
negative consequences further downstream, and for
international river basin districts it has to be ensured
that relevant information is exchanged and that plans
are coordinated across countries. The Floods Directive
(EC, 2007b) and the Communication on water scarcity
and droughts (EC, 2007a) specifically target water
quantity extremes.
As almost all elements that define the status of
water bodies are sensitive to climate change, the
European Commission (EC, 2012) recommends a
planning horizon that includes a scenario for climate
change and socio-economic developments looking
further into the future than the implementation
of the next six-year cycle of the Water Framework
Directive and of the Floods Directive. It is also seen as
useful to integrate additional pressures, impacts and
constraints caused by climate change in the economic
analysis for the Water Framework Directive. The Water
Blueprint Communication (EC, 2012) reviewed the
most important water policy processes in the light
of resource efficiency, including the part of Europe's
climate change vulnerability and adaptation policy
related to water (EEA, 2012b).
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In the Blueprint, climate change as well as land use and
economic activities are depicted as the main causes of
negative impacts on Europe's water status. Adapting to
climate change and developing resilience to disasters
are presented as key activities for sustainable water
management and for achieving good qualitative and
quantitative status for water bodies in Europe and
worldwide.

droughts), river flows (for average flows), extreme high
and low flows (for floods and droughts, respectively),
and river and lake temperatures (for water quality).
These time series can be observed or simulated for
historical time periods and can be projected for future
time windows, taking into account climate change and
potentially also other drivers of change, such as landuse changes.

Indicator selection

River flow and water level data are influenced by
rainfall run-off and by hydromorphological changes
of the river bed, e.g. through river engineering.
Furthermore, homogeneous time series are generally
shorter than those for meteorological data. Therefore,
substantially more time may be required before
statistically significant changes in hydrological
variables can be observed, especially with respect
to extreme and exceptional events (floods and
droughts). Notwithstanding recent improvements
of climate models to simulate large-scale patterns
of precipitation and extreme events, projections of
changes in precipitation and high extremes remain
uncertain, especially at catchment and local scales.
Projections of river floods are plagued by the highest
levels of uncertainty, as they often depend on changes
in single extreme events, whereas changes in average
and low-flow conditions depend on changes in
precipitation on longer time scales (i.e. monthly to
seasonal), which are more robust.

The subsequent sections present information on the
following indicators:
•

River flows: this indicator monitors the changes in
average river flows, which are important for the
overall water availability to households, industry and
agriculture.

•

River floods: this indicator monitors changes in river
floods, which are among the most costly weather and
climate-related disasters in Europe.

•

Meteorological and hydrological droughts: this indicator
monitors droughts, in terms of both precipitation
deficiencies and changes in low river flows, which
can have significant negative impacts on households,
industry, navigation, agriculture and ecosystems.

•

Water temperature of rivers and lakes: this indicator
monitors water temperature, which is one of the
central parameters that determine the overall health
of aquatic ecosystems, because aquatic organisms
have a specific range of temperatures that they can
tolerate.

The concluding section (Section 4.3.6) presents selected
information on the impacts of past and projected
changes in these indicators for freshwater ecosystems
and water quality. This information is not presented in
the indicator format because the impacts foreseen for
different aquatic species and ecosystems are so diverse
that relevant information cannot be conveyed in one
indicator.
Further information on the economic impacts and
effects on human health of extreme events, including
floods and droughts, is presented in Sections 5.1 and
5.2, respectively.

The main data sources for Europe-wide studies of
the impacts of extreme hydrological events and their
changes are global databases for natural disasters
(see Section 5.1). Recently, the EEA has compiled a
European Flood Impact Database (49) that combines
information on past floods with significant observed
impacts from global sources with the reporting by
EU Member States for the Preliminary Flood Risk
Assessment (PFRA) (EC, 2007b). This database has
been collecting information on flood hazards and
their impacts since 1980. At the European level, these
inventories could assist in tracking the trends in flood
disaster losses and in mitigation programmes, for
both monitoring and obtaining a clearer picture of the
linkages between climate change, floods and losses
from flooding. Also at the European level, guidance for
recording and sharing disaster damage and loss data
is under development for Europe (De Groeve et al.,
2014; JRC, 2015), coherent with the Sendai Framework
for Disaster Risk Reduction (UN, 2015a, 2015b).

Data quality and data needs
The data required for the indicators in this sector
are time series of precipitation (for meteorological

Reliable information on the extent and impacts of
water scarcity and droughts is indispensable for
decision-making at all levels. An overview of water

(49) http://www.eea.europa.eu/data-and-maps/data/european-past-floods.
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availability, water abstraction and water scarcity in
Europe and more specifically for the Alpine region is
discussed in several EEA reports (EEA, 2009, 2012c). The
water exploitation index is currently being revised to
be calculated on the level of river basins instead of the
administrative boundaries of countries (50). The Joint
Research Centre (JRC) of the European Commission has

developed a European Drought Observatory (EDO) (51)
for drought forecasting, assessment and monitoring.
However, despite several activities, there is no
systematic, comprehensive record of water scarcity and
drought events in Europe, describing their duration,
impact and severity, other than meteorological time
series for precipitation.

(50) http://www.eea.europa.eu/data-and-maps/indicators/use-of-freshwater-resources/ds_resolveuid/9EKW4KDTGF.
(51) http://edo.jrc.ec.europa.eu/edov2/php/index.php?id=1000.
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4.3.2 River flows

Key messages
• Available studies suggest that run-off in near-natural rivers during the period 1963–2000 increased in western and
northern Europe, in particular in winter, and decreased in southern and parts of eastern Europe, in particular in summer.
However, comprehensive observation data on river flows are not available across Europe.
• Long-term trends in river flows due to climate change are difficult to detect because of substantial interannual and
decadal variability, as well as modifications to natural water flows arising from water abstractions, morphological changes
(such as man-made reservoirs) and land-use changes.
• Climate change is projected to result in significant changes in the seasonality of river flows across Europe. Summer flows
are projected to decrease in most of Europe, including in regions where annual flows are projected to increase. Where
precipitation shifts from snow to rain, spring and summer peak flow will shift to earlier in the season.

Relevance
Annual average river flows are one of the elements that
affect freshwater availability in a river basin, in addition
to groundwater sources, lakes or artificial water storage
facilities. Variations in river flows are determined
mainly by the seasonality of precipitation and
temperature, as well as by catchment characteristics
such as geology, soil and land cover. Changes in
temperature and precipitation patterns due to climate
change modify the annual water budget of river basins
and the timing and seasonality of river flows. The
consequent changes in water availability may adversely
affect ecosystems and several socio-economic sectors,
including abstraction for drinking water, agriculture,
industry, energy production and navigation. Extreme
dry periods with low river flow events can have
considerable economic, societal and environmental
impacts (see Section 4.3.4).
Past trends
Human interventions in catchments, including water
abstractions, river regulation and land-use change,
have considerably altered river flow regimes in
large parts of Europe, making it difficult to discern
any climate-driven changes in river flow data. An
inventory of river flows in Europe was produced by
combining over 400 time series (from 1962 to 2004)
of river catchments with near-natural flow conditions
for Europe and an ensemble of eight large-scale
hydrological models (for 1963–2000) (Stahl et al.,
2012). According to this inventory, run-off showed
positive trends in western and northern Europe and

negative trends in southern and parts of eastern
Europe (Map 4.7). The European pattern of annual
run-off trends modelled by the ensemble mean shows
a regionally coherent picture. The areas where models
disagreed on the trend direction were largely located
in areas of weak trends, notably in the transition
areas between regions with consistent negative and
positive trends. The pattern of changes in regional
high flows is very similar to the pattern of changes in
annual flows, whereas summer low flows have also
decreased in various regions where annual flows have
increased. Overall, positive trends in annual stream
flow appear to reflect the marked wetting trends of
the winter months, whereas negative annual trends
result primarily from a widespread decrease in
stream flow in spring and summer months, consistent
with a decrease in summer low flow in large parts
of Europe. The model uncertainties were largest in
complex terrain with high spatial variability and in
snow‑dominated regimes.
The magnitude of the observed seasonal changes
clearly raises concerns for water resource management
both today and in future decades. To date, however,
despite the evidence of changes in the seasonality
of flows, there is no conclusive evidence that low
river flows have generally become more severe or
frequent in Europe during recent decades (Stahl et al.,
2010, 2012). Whereas many studies detect significant
hydrological changes in observed datasets, more
scientific rigour is needed in the attribution of river flow
changes, as these studies often fall short in proving and
quantifying the relationship between these changes
and potential drivers (Merz et al., 2012).
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Map 4.7
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This map shows the ensemble mean trend in annual run-off from 1963 to 2000. 'x' denotes grid cells where less than three-quarters of
the hydrological models agree on the direction of the trend.

Source:

Adapted from Stahl et al., 2012.

Projections
Annual river flows are projected to decrease in
southern and south-eastern Europe and increase in
northern and north-eastern Europe (Rojas et al., 2012;
Alfieri, Burek et al., 2015). Changes are projected in
the seasonality of river flows, with large differences
across Europe. For most parts of Europe, the peak
of the average daily flow at the end of the 21st
century is projected to occur earlier in the year
than currently (van Vliet et al., 2013; Forzieri et al.,
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30°

2014). In snow‑dominated regions, such as the Alps,
Scandinavia and parts of the Baltic, the reduction
in winter retention as snow, earlier snowmelt and,
in some cases, reduced summer precipitation are
projected to lead to increases in river flows in winter
and reductions in summer (Alfieri, Burek et al., 2015).
Reductions of flow can be exacerbated by water
abstractions, especially in summer when consumption
is highest and input is typically low. These changes
result in a further decrease of water availability in
summer (see Figure 4.11) (Forzieri et al., 2014).
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Projected change in seasonal streamflow for 12 rivers
Streamflow in control period

Projected streamflow in 2080s

Frost season in control period

Frost season in 2080s

Scenario accounting for water use in 2080s

Note:

This figure shows simulated seven-day average river flows at 12 European river monitoring stations in the control period (light-grey lines)
and the 2080s (black lines). The red lines reflect a future river flow scenario accounting for projected changes in water use. Blue shaded
areas indicate the frost season in both periods (control as light blue, 2080s as dark blue).

Source:

Adapted from Forzieri et al., 2014. Reproduced with permission.
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4.3.3 River floods

Key messages
• Almost 1 500 floods have been reported for Europe since 1980, of which more than half have occurred since 2000.
• The number of very severe flood events in Europe increased over the period 1980–2010, but with large interannual
variability. This increase has been attributed to better reporting, land-use changes and increased heavy precipitation in
parts of Europe, but it is not currently possible to quantify the importance of these factors.
• Global warming is projected to intensify the hydrological cycle and increase the occurrence and frequency of flood events
in large parts of Europe.
• Pluvial floods and flash floods, which are triggered by intense local precipitation events, are likely to become more
frequent throughout Europe. In regions with projected reduced snow accumulation during winter, the risk of early spring
flooding could decrease. However, quantitative projections of changes in flood frequency and magnitude remain highly
uncertain.

Relevance
There are many different types of floods. They can
be distinguished based on the source of flooding
(e.g. rivers and lakes, urban storm water and combined
sewage overflow, or seawater), the mechanism
of flooding (e.g. natural exceedance, defence or
infrastructural failure, or blockage) and other
characteristics (e.g. flash flooding, snowmelt flood, or
debris flows) (EC, 2013).
River floods are a common natural disaster in Europe,
and — along with storms — are the most important
natural hazard in Europe in terms of economic
damage. They are mainly caused by prolonged or heavy
precipitation events and/or snowmelt. River floods can
result in huge economic losses as a result of damage
to infrastructure, property and agricultural land, and
indirect losses in or beyond the flooded areas, such
as production losses caused by damaged transport or
energy infrastructure. They can also lead to loss of life,
especially in the case of flash floods, and displacement
of people, and can have adverse effects on human
health, the environment and cultural heritage.
Large areas throughout Europe have been affected by
flooding since 2000, many of them even multiple times
(e.g. Chorynski et al., 2012; EEA, 2016a). According to
the NatCatSERVICE database (52), almost 1 500 flood and

wet mass movement events happened in EEA member
countries (53) in the period 1980–2013, with more than
half of them since 2000. These floods have resulted in
over 4 700 fatalities and caused direct economic losses
of more than EUR 150 billion (based on 2013 values),
which is almost one-third of the damage caused by all
natural hazards. Less than a quarter of these damages
were insured. Information about economic damages
from floods is presented in Sections 5.1 and 6.3; their
impacts on human health are discussed in Section 5.2.
Despite the general agreement that Europe-wide or
at least transnational-scale flood hazard maps have
the potential for many applications, including climate
change studies, only a few products exist, and it
remains difficult to compile large consistent datasets
(Alfieri et al., 2014). The EU Floods Directive (EC, 2007b)
has improved this situation only to a limited extent so
far (EEA, 2016a).
Past trends
Figure 4.12 shows that the number of very severe flood
events in Europe increased over the period 1980–2010,
but with large interannual variability. The underlying
data is obtained from a combination of information
available in global databases such as the Dartmouth
Flood Observatory (54) and the Emergency Events
Database (EM-DAT) of the Centre for Research on the

(52) NatCatSERVICE (http://www.munichre.com/natcatservice) is one of the most comprehensive natural catastrophe loss databases, managed
by Munich Reinsurance Company (Munich RE), based in Munich, Germany. As a proprietary database, it is not publicly accessible. The entire
Munich RE dataset, which was provided to the EEA under institutional agreement (June 2014), consists of 4 918 records and covers the period
1980–2013.
(53) http://www.eea.europa.eu/about-us/countries-and-eionet.
(54) http://floodobservatory.colorado.edu.
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Epidemiology of Disasters (CRED) (55), data reported by
EU Member States under the EU Floods Directive and
an additional country consultation in all EEA member
and cooperating countries (ETC/ICM, 2015). Less
extreme events or events with small spatial extent are
not included, but the combination of data sources still
leads to a large improvement over an overview based
on global data sources only. Furthermore, selection of
'larger' floods only (here with severity class 'very high')
is expected to reduce the reporting bias (Kundzewicz
et al., 2013). For comparison, the NatCatSERVICE
database in total contains more than 1 200 flood events
that have happened since 1990, which, on average, is
over 50 per year.
Losses from flooding in Europe have increased
substantially since the 1970s (Barredo, 2009). In recent
years, some flood events have been so much stronger
than previous events that they have led to significant

Figure 4.12

changes in flood risk estimation methods for that region,
e.g. in the United Kingdom (Miller et al., 2013; Schaller
et al., 2016). The trend for increasing losses from river
floods is primarily attributable to socio-economic factors,
such as increasing wealth located in flood zones, but
increases in heavy precipitation in parts of Europe
may also play a role (see Section 3.2.5 and Section 5.1).
Robust attribution is not yet possible because of
insufficient data (Barredo, 2009; Feyen et al., 2012). In
terms of regional GDP, flood risks are highest in large
parts of eastern Europe, Scandinavia, Austria and the
United Kingdom and parts of France and Italy (Lugeri
et al., 2010). A shift from a purely technically oriented
flood defense toward a more integrated flood risk
management system that also considers nonstructural
measures to minimize adverse effects of flooding has led
to more effective flood management and to a reduction
of damage caused by the 2013 floods in Germany,
compared to the 2002 floods (Thieken et al., 2016).

Number of flood phenomena with 'very high' severity, 1980–2010
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A flood phenomenon with 'very high' severity means that:
• the frequency has been assessed as 'very rare' (typically with return periods of at least 100 years); or
• the degree of total damage has been reported as 'high' or 'very high'; or
• the severity class in the Dartmouth Flood Observatory database is equal to 1.5 or 2; or
• there have been fatalities reported; or
• more than nine individual 'flood events' have been reported for one 'flood phenomenon'.

Source:

ETC/ICM, 2015; EEA, 2016a.

(55) http://www.emdat.be, maintained by CRED.
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Projections
Future changes in the risk of river floods in Europe
have been simulated using a hydrological model
driven by an ensemble of climate simulations (Rojas
et al., 2012; Alfieri, Burek et al., 2015). Of particular
interest is the frequency analysis of flood peaks
above the 100-year flood level, which is the average
protection level of the European river network
(albeit with significant differences) (Rojas et al., 2013;
Jongman et al., 2014).
Map 4.8 shows the change in the level of one‑in‑a‑century
(Q100) floods between the reference period and three
future time periods based on the hydrological model
LISFLOOD and an ensemble of seven climate models
(Alfieri, Burek et al., 2015). Blue rivers indicate an increase
in flood level and red rivers indicate a decrease. For the
end of the 21st century, the greatest increase in Q100
floods is projected for the British Isles, north-west and
south-east France, northern Italy and some regions
in south-east Spain, the Balkans and the Carpathians.
Mild increases are projected for central Europe, the
upper section of the Danube and its main tributaries. In
contrast, decreases in Q100 floods are projected in large
parts of north-eastern Europe owing to a reduction in
snow accumulation, and hence melt-associated floods,
under milder winter temperatures. These results are
consistent with earlier studies (e.g. Dankers and Feyen,
2009; Ciscar et al., 2011; Rojas et al., 2012). While the
ensemble mean presented in Map 4.8 provides the best
assessment of all model simulations together, individual
simulations can show important differences from the
ensemble mean for individual catchments. This is partly
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the result of significant decadal-scale internal variability
in the simulated climate (Feyen et al., 2012). Furthermore,
the LISFLOOD analysis is restricted to the larger rivers
in Europe, which may not be representative of a whole
country or region. For example, in northern Europe,
rainfall-dominated floods in smaller rivers may increase
because of projected increases in precipitation amounts,
even where snowmelt-dominated floods in large rivers
are projected to decrease (Vormoor et al., 2016).
Changes in flood frequencies below the protection level
are expected to have less significant economic effects
and affect fewer people than even small changes in the
largest events (e.g. with a return period of 500 years).
For a number of European river basins, including the
Po, Duero, Garonne, Ebro, Loire, Rhine and Rhone, an
increase in extreme floods with a return period above
500 years is projected; this includes river basins such
as Guadiana and Narva, where the overall frequency of
flood events is projected to decline (Alfieri, Burek et al.,
2015). A follow-up study combined the results of this
flood hazard assessment with detailed exposure maps
to estimate the economic and health risks from river
floods in Europe. The results suggest that a high climate
change scenario could increase the socio-economic
impact of floods in Europe more than three-fold by
the end of the 21st century. The strongest increase in
flood risk is projected for Austria, Hungary, Slovakia
and Slovenia (Alfieri, Feyen et al., 2015). A combination
of different adaptation measures has been estimated
to reduce economic damage from (fluvial and coastal)
floods substantially by 67 to 99 % and reduce the
number of people flooded by 37 to 99 % for the
100‑year event (Mokrech et al., 2014).
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Map 4.8

Projected change in river floods with a return period of 100 years
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Note:

This map shows the projected change in the level of one-in-a-century river floods (Q100). The relative changes for the time slices
2006–2035 (2020), 2036–2065 (2050) and 2066–2095 (2080) are compared with the ensemble mean of the baseline (1976–2005), based on
an ensemble of seven EURO-CORDEX simulations forced by the RCP8.5 scenario and the LISFLOOD hydrological model. The consistency
of the model projections is evaluated through the use of the coefficient of variation (CV) of the relative change. Smaller CVs indicate better
model agreement of the projected mean change. Data points with CV > 1 are greyed out.

Source:

Adapted from Alfieri, Burek et al., 2015.
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4.3.4 Meteorological and hydrological droughts

Key messages
• Drought has been a recurrent feature of the European climate. From 2006–2010, on average 15 % of the EU territory and
17 % of the EU population have been affected by meteorological droughts each year.
• The severity and frequency of meteorological and hydrological droughts have increased in parts of Europe, in particular in
south-western and central Europe.
• Available studies project large increases in the frequency, duration and severity of meteorological and hydrological
droughts in most of Europe over the 21st century, except for northern European regions. The greatest increase in drought
conditions is projected for southern Europe, where it would increase competition between different water users, such as
agriculture, industry, tourism and households.

Relevance
Droughts have severe consequences for Europe's
citizens and most economic sectors, including
agriculture, energy production (see also Sections 5.3
and 5.4), industry and public water supply (Blauhut
et al., 2015). However, the term 'drought' is used in
different contexts, which may cause confusion when
the language used is not carefully chosen. Figure 4.13
shows how a persistent meteorological drought can
propagate to a soil moisture (agricultural) drought
affecting plant and crop growth, which may deepen
into a hydrological drought affecting watercourses,
water resources and natural ecosystems. Furthermore,

Figure 4.13

hydrological droughts have a detrimental impact on
freshwater ecosystems including vegetation, fish,
invertebrates and riparian bird life (EEA, 2012c, 2015,
2016a, 2016b). Hydrological droughts also have a
significant impact on water quality by reducing the
ability of a river to dilute pollution.
This indicator combines two types of droughts:
meteorological droughts and hydrological droughts,
focusing on river flow droughts in the case of
the latter. A meteorological drought is defined in
terms of precipitation deficiency, which may be
exacerbated by high temperature associated with

Drought types and causes

Meteorological situation

Meteorological drought

Anomalies in
precipitation

Precipitation deficiency

Soil moisture drought

Hydrological drought

Socio-economic drought

Source:

144

Anomalies in
evapotranspiration

Low soil moisture

Low discharge

Low ground water level

Impacts

Adapted from Van Loon, 2015.
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high evapotranspiration. Meteorological droughts are
usually characterised using statistical indices, such as
the Standardised Precipitation Index (SPI), Standardised
Precipitation Evapotranspiration Index (SPEI) and
Reconnaissance Drought Index (RDI). A river flow
drought is characterised by unusually low river flow,
which may result from a prolonged meteorological
drought, possibly in combination with socio-economic
factors.
Past trends
Drought has been a recurrent feature of the European
climate. From 2006–2010, on average 15 % of the EU
territory and 17 % of the EU population have been
affected by meteorological droughts each year. In
the 1990s and 2000s the drought hotspots were
the Mediterranean area and the Carpathian Region
(Sepulcre-Canto et al., 2012; Spinoni et al., 2016).

Map 4.9

The frequency of meteorological droughts in Europe
has increased since 1950 in parts of southern Europe
and central Europe (Austria and Hungary), but
droughts have become less frequent in northern
Europe and parts of eastern Europe (Map 4.9, left).
Trends in drought severity (based on a combination
of SPI, SPEI and RDI) also show significant increases
in the Mediterranean region (in particular the Iberian
Peninsula, France, Italy and Albania) and parts of
central and south-eastern Europe, and decreases
in northern and parts of eastern Europe (Map 4.9,
right) (Gudmundsson and Seneviratne, 2015; Spinoni,
Naumann, Vogt et al., 2015; Spinoni et al., 2016).
Most stream gauges in Europe show a decrease in
summer low flows over the second half of the 20th
century (Map 4.10). However, current data availability
is insufficient for attributing this trend to global climate
change (Stahl et al., 2010, 2012).

Observed trends in frequency and severity of meteorological droughts
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This map shows the trends in drought frequency (number of events per decade; left) and severity (score per decade; right) of
meteorological droughts between 1950 and 2012. The severity score is the sum of absolute values of three different drought indices (SPI,
SPEI and RDI) accumulated over 12-month periods. Dots show trends significant at the 5 % level.

Source:

Adapted from Spinoni, Naumann, Vogt et al., 2015.
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Map 4.10
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This map shows the ensemble mean trend in summer low flow from 1963 to 2000. 'x' denotes grid cells where less than three-quarters
of the hydrological models agree on the direction of the trend.

Source:

Adapted from Stahl et al., 2012.

Projections
An assessment of European meteorological droughts
based on different drought indices and an ensemble
of RCMs has projected drier conditions for southern
Europe for the mid-21st century, with increases in the
length, magnitude and area of drought events (van
der Linden and Mitchell, 2009). In contrast, drought
occurrence was projected to decrease in northern
Europe (Henrich and Gobiet, 2011). Similar results were
obtained in later studies based on different indices and
climate projections (e.g. Orlowsky and Seneviratne,
2013; Giorgi et al., 2014; Spinoni, Naumann, and Vogt,
2015; Touma et al., 2015).
A model ensemble from the EURO-CORDEX community
projects that the frequency and duration of extreme
meteorological droughts (defined as having a value
below – 2 of the SPI-6) will significantly increase in the
future (Stagge et al., 2015). These projections showed
the largest increases in frequency for extreme droughts
in parts of the Iberian Peninsula, southern Italy and
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the eastern Mediterranean, especially at the end of the
century with respect to the baseline period 1971–2000
(Map 4.11). The changes are most pronounced for
the RCP8.5 high emissions scenario and slightly less
extreme for the moderate (RCP4.5) scenario.
Drought projections that also consider potential
evapotranspiration (e.g. based on the SPEI, the
Standardized Runoff Index (SRI) or the Supply–Demand
Drought Index (SDDI)) showed substantially greater
increases in the areas affected by drought than those
based on the precipitation-based SPI alone. For
example, the fraction of the Mediterranean region
under drought was projected to increase by 10 % by
the end of the 21st century based on RCP8.5 using the
SPI, whereas an increase of 60 % was projected using
the SPEI (Touma et al., 2015).
The projected increases in droughts in large parts of
southern Europe would increase competition between
different water users, such as agriculture, industry,
tourism and households (see also Section 5.3.5).
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Map 4.11
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This map shows the projected change in the frequency of extreme meteorological droughts (number of months in a 30-year period
where the SPI accumulated over six-month periods (the SPI-6) is below – 2) between the baseline period 1971–2000 and future periods
2041–2070 (left) and 2071–2100 (right) for the RCP4.5 (top) and RCP8.5 (bottom) scenarios.

Source:

Adapted from Stagge et al., 2015.

The top panels of Map 4.12 depict the projected impact
of climate change on the 20-year return level minimum
river flow (also known as minimum discharge; left)
and deficit volumes (right), which are two measures
for water availability and drought intensity. An
increasing severity of river flow droughts is projected
for most European regions, except for northern and

north‑eastern Europe. The greatest increase in drought
risk is projected for southern Europe, but mean
increases are also projected for large parts of central
and north-western Europe. However, these increases
show large seasonal variations and also depend on
how the models represent evapotranspiration and soil
moisture (Wong et al., 2011).
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The bottom panels of Map 4.12 show the combined
impact of climate change and changes in water
consumption (based on the 'Economy First' water
use scenario) on the same drought indices. In most
regions, projected increases in water consumption
further aggravate river flow droughts (Forzieri

Map 4.12

Projected change in 20-year return level minimum flow and deficit volumes due to climate
change and changes in water use
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et al., 2014, 2016). Water use and abstraction will
exacerbate minimum low-flows in many parts of
the Mediterranean region, leading to increased
probabilities of water deficits when maximum water
demand overlaps with minimum or low availability
(EEA, 2012c).
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Source:

Adapted from Forzieri et al., 2014.
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4.3.5 Water temperature

Key messages
• Water temperatures in major European rivers have increased by 1–3 °C over the last century. Several time series show
increasing lake and river temperatures all over Europe since the early 1900s.
• Lake and river surface water temperatures are projected to increase further with projected increases in air temperature.
• Increased water temperature can result in marked changes in species composition and functioning of aquatic ecosystems.

Relevance

Past trends

Water temperature is one of the parameters that
determine the overall health of aquatic ecosystems.
Most aquatic organisms have a specific range of
temperatures that they can tolerate, which determines
their spatial distribution. Changes in temperature also
determine ice cover periods, thermal stratification of
lakes, nutrient availability and the duration of growing
seasons that in turn affect species composition and
food web structures (e.g. Moss et al., 2009; Markovic
et al., 2014).

The surface water temperatures of major rivers in
Europe have increased by 1–3 °C over the last century
(Figure 4.14). For example, the average temperature
in the Rhine near Basel, Switzerland, has risen by
more than 2 °C since the 1960s (FOEN, 2015). The
temperature of the downstream part of the Rhine
increased by nearly 3 °C between 1910 and 2013.
A similar increase of 2.4 °C has been observed in the
Meuse. Two-thirds of the increase of the downstream
part of the Rhine is attributed to the increased use of

Figure 4.14

Observed trends in water temperature of large European rivers and lakes
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This figure shows the annual average water temperature in the Rhine and the Meuse (1911–2013), the Danube (1901–1998) and Lake
Võrtsjärv (1947–2014), and the average water temperature in August in Lake Saimaa, Finland (1924–2014).

Source:

Rhine and Meuse (CBS et al., 2014); Danube (Hohensinner, 2006, personal communication); Lake Saimaa (Johanne Korhonen, 2015,
personal communication); Lake Võrtsjärv (Peeter Nõges, 2015, personal communication).
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cooling water and one-third is attributed to the increase
in air temperature as a result of climate change (CBS
et al., 2014). The annual average temperature of the
Danube increased by around by 1 °C during the 20th
century (Webb and Nobilis, 1994).
Increases in surface water temperature were also
found in lakes. Lake Võrtsjärv in Estonia had a 0.7 °C
increase between 1947 and 2014, and the summer
(August) water temperature of Lake Saimaa, Finland,
increased by more than 1 °C over the last century
(Figure 4.14). Many other time series indicate a general
trend of increasing water temperature in European
rivers and lakes in the range of 0.05 to 0.8 °C per
decade, with some water bodies warming by more than
1 °C per decade (Dokulil, 2013; CBS et al., 2014; FOEN,
2015; Orr et al., 2015; Sharma et al., 2015).
Projections
Inland surface water temperatures are projected to
increase further, in parallel with the projected increases
in air temperature. The exact amount of warming
depends on the magnitude of air temperature increase,

Box 4.5

on the region, on the season and on lake properties
and river catchment.
An average increase in summer surface water
temperature of 2 °C (1.2–2.9 °C) by 2050 has been
estimated for 15 Austrian lakes, depending on the
present thermal regime and geographical region
(Dokulil, 2013). A global study estimated that mean
river water temperatures of major European rivers
will increase by 1.6–2.1 °C during the 21st century
(2071–2100 relative to 1971–2000, mean of a GCM
ensemble driven by SRES A2 and B1 scenarios) (van
Vliet et al., 2013). A detailed assessment for the Rhine
gives an estimated increase in mean annual and August
temperature in the range of 3.0–3.5 °C during the
21st century, due to climate change. The number of
days with water temperatures above 25 °C, which is the
threshold for significant stress to river fauna and flora,
would increase at least five-fold (e.g. from 2–15 days
in the reference period 2001–2010 to 32–75 days in
2071–2100) (ICPR, 2014).
Further effects of increased lake and river water
temperature are described in Box 4.5.

Lake and river ice cover

Water temperature affects the ice cover and the timing of ice break-up in lakes and rivers. Ice cover in turn influences the
vertical mixing and the light conditions in lakes, which are important factors for phytoplankton production.
The duration of ice cover in the northern hemisphere has shortened at a rate of 7 to 17 days per century over the last
100–150 years, resulting from ice cover beginning between 3 and 11 days later and ice break up beginning between
5 and 9 days earlier, on average, than previously (Benson et al., 2011). At the Hungarian section of the river Danube, the
date of the first ice appearance has shifted 19–29 days later over the 1876–2011 period, while the date of the final ice
disappearance has shifted 18–23 days earlier (Takács, 2011). In Lake Kallavesi (eastern Finland), the freezing date has
shifted to 15 days later in the period 1833–2011, while the break-up date has shifted to 12 days earlier in the period
1822–2011 (SYKE, 2011). The ice break-up date in the Lake St. Moritz (Swiss Alps) has shifted to 15–20 days earlier since
1832 (Naturwissenschaften Schweiz, 2016). In the two large Estonian lakes, Peipsi and Võrtsjärv, trends in ice phenology
were weak or absent, despite a marked increase in water temperature, in particular since 1961. These findings imply that
the processes governing ice phenology are more complex than those governing lake surface water temperature (Nõges
and Nõges, 2013).
Simulated changes in lake ice cover throughout the northern hemisphere (40–75 °N) based on one global climate model
driven by the SRES A2 emissions scenario indicate an overall decrease in the duration of lake ice cover of 15–50 days across
regions by 2040–2079, compared with the baseline period 1960–1999 (Dibike et al., 2011). In the two Estonian lakes, an
increase of the average winter air temperature of 2 °C would presumably halve the ice cover duration in Peipsi but shorten
it by only about 20 % in Võrtsjärv (Nõges and Nõges, 2013). The ice cover of lakes in regions where the ice season is already
short or where ice cover occurs only in cold winters is generally more strongly affected by increasing temperature than that
of lakes in colder regions (Weyhenmeyer et al., 2011).
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4.3.6 Freshwater ecosystems and water quality

Key messages
• Coldwater species have been observed to move northwards or to higher altitudes in response to increased temperatures.
• Increasing water temperatures can lead to earlier and larger phytoplankton blooms and to species invasions. For
example, the recent rapid spread of the highly toxic cyanobacterium Cylindrospermopsis raciborskii throughout Europe
and into other temperate regions has caused international public health concerns.
• A warmer and wetter climate can lead to increased nutrient and dissolved organic carbon concentrations in lakes and
rivers, but management changes can have much larger effects than climate change.

This section presents selected information on the
impacts of changes in the indicators presented above
for freshwater ecosystems and water quality. This
information is not presented in the indicator format
because several different impacts are foreseen for
aquatic species and ecosystems, and the message
cannot be conveyed simply in one indicator. More
information can be found in the many reviews of climate
change impacts on freshwater (see, for example, Kernan
et al., 2011; Dokulil, 2013; Jeppesen et al., 2014; Vaughan
and Ormerod, 2014; Arnell et al., 2015).

Changes in species distribution
Increased water temperatures will favour warmwater
species, whereas coldwater species will become more
limited in their range. Examples of northwards-moving
species are non-migratory British dragonflies and
damselflies (Hickling et al., 2005) and south European
dragonflies (INBO, 2015). Species have also been
observed to move to higher altitudes, such as the
brown trout in Alpine rivers (Hari et al., 2006).
Facilitation of species invasions

Changes in the river flow regime
River flow regimes, including long-term average flows,
seasonality, low flows, high flows and other types of
flow variability, play an important role in freshwater
ecosystems. Thus, climate change affects freshwater
ecosystems not only through increased temperatures
but also through altered river flow regimes (van Vliet
et al., 2013).
Changes in phenology
Increasing temperatures will change the life-cycle
events and stimulate an earlier spring onset of various
biological phenomena, such as phytoplankton spring
bloom, clear water phase, the first day of flight for
aquatic insects and the time of spawning of fish.
Prolongation of the growing season can have major
effects on species. For example, British Odonata
dragonflies and damselfly species have changed their
first day of flight by 1.5 days per decade on average over
the period 1960 to 2004 (Hassall et al., 2007), and there
is growing evidence for an advancement of phenological
events in zooplankton (Vadadi-Fülöp et al., 2012).

Climate change is facilitating biological invasions
of species that originate in warmer regions.
For example, the sub-tropical cyanobacterium
Cylindrospermopsis raciborskii thrives in waters that
have high temperatures, a stable water column and
high nutrient concentrations. This highly toxic species
has recently spread rapidly in temperate regions and
is now commonly encountered throughout Europe
(Haande et al., 2008; Antunes et al., 2015). Its spread
into drinking and recreational water supplies has
caused international public health concerns (see also
Section 5.2.6).
Changes in algal blooms and water quality
Climate change is affecting water quality in various
ways. Higher temperatures stimulate mineralisation of
soil organic matter, which leads to increased leaching
of nutrients, especially nitrogen and phosphorus
(Battarbee et al., 2008; Jeppesen, Kronvang et al., 2010).
Decreases in stream flow, particularly in summer,
will lead to higher nutrient concentrations owing to
reduced dilution (Whitehead et al., 2009), whereas
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increases in floods and extreme precipitation events
can increase the nutrient load to surface waters
because of increased surface run-off and erosion
(Fraser et al., 1999; Battarbee et al., 2008).
Climate change can enhance harmful algal blooms in
lakes, both as a direct result of temperature increase
and as a result of climate-induced increases in nutrient
concentrations. Increased lake temperature will
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generally have a eutrophication-like effect (Schindler,
2001; Jeppesen, Moss et al., 2010), with enhanced
phytoplankton blooms (Wilhelm and Adrian, 2008)
and increased dominance of cyanobacteria in
phytoplankton (Kosten et al., 2012). These changes
may restrain the use of lake drinking water and
recreation, and they may increase the associated health
risks (Mooij et al., 2005; Jöhnk et al., 2008; Paerl and
Huisman, 2008) (see also Section 5.2.6).
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4.4

Terrestrial ecosystems, soil and forests

Key messages
• Observed climate change has had many impacts on terrestrial ecosystems, such as changes in soil conditions, advances in
phenological stages, altitudinal and latitudinal migration of plant and animal species (generally northwards and upwards),
and changes in species interactions and species composition in communities, including local extinctions.
• The relative importance of climate change as a major driver of biodiversity and ecosystem change is projected to increase
further in the future. In addition to climate change, human efforts to mitigate and adapt to climate change can both
positively and negatively affect biodiversity and other ecosystem services.
• In Europe, 14 % of habitats and 13 % of species of interest have been assessed to already be under pressure because of
climate change. The number of habitats threatened by climate change is projected to more than double in the near future.
Many species in the Natura 2000 network are projected to lose suitable climate niches.
• Modelled and projected changes in soil moisture, such as significant decreases in the Mediterranean region and increases in
parts of northern Europe, are having a direct effect on terrestrial ecosystems.
• Forest ecosystems and their services are affected by range shifts of tree species towards higher altitudes and latitudes, by
increases in forest fire risk, in particular in southern Europe, and by an increased incidence of forest insect pests. Coldadapted coniferous tree species are projected to lose large fractions of their ranges to broadleaf species. In general, forest
growth is projected to decrease in southern Europe to increase in northern Europe, but with substantial regional variation.
• Climate change is likely to exacerbate the problem of invasive species in Europe.

4.4.1 Overview
Climate change is already affecting terrestrial
ecosystems and biodiversity and is projected to
become an even more important driver of biodiversity
and ecosystem change in the future (Kovats et al.,
2014; Urban, 2015). Climate change will have a
broad range of positive and negative impacts on
biodiversity at genetic, species (e.g. plant and animal
species) and ecosystem levels, including shifts in the
distribution of species and ecosystems, changes in
species abundance, changes in species phenology
(i.e. timing of annual events) and an increased risk of
extinctions for some species. Soil organic carbon is
potentially affected by climate change, and changes in
soil organic carbon in turn have an impact on climate
change. Soil erosion by water and wind is already
affecting soils across Europe, thereby jeopardising
many of the services that soils provide (see also
Box 4.6). Changes in temperature, precipitation, and
atmospheric CO2 concentration will have impacts on
the physical and chemical properties of the habitat
(e.g. through changes in soil moisture), on individual
species, and on ecological interactions between
species (e.g. competition, symbiosis or food webs)
(see Figure 4.15). Furthermore, climate change
usually acts not in isolation but together with other
stressors, such as human land use and management.
Human efforts to mitigate (e.g. biofuel production,

hydropower) and adapt (e.g. land-use changes
or coastal defences) to climate change could also
exacerbate the direct impacts (Paterson et al., 2008;
Turner et al., 2010). Climate change will also affect the
ability of ecosystems to deliver ecosystem services to
humans (see Section 4.5 for further information).
The principal response mechanisms of species to
climate change depend on their adaptive capacity and
include phenological and/or physiological adaptation,
altered migration and colonisation from locations
and habitats. All these mechanisms are likely to face
constraints in terms of timing and/or effectiveness.
For example, migration may be constrained by the
speed of dispersal mechanisms and by migration
barriers, including habitat fragmentation induced by
human activities. If all these response mechanisms
fail, the species may gradually disappear from its
current range and eventually become extinct.
In its AR5, the IPCC highlights the importance
of species interactions and states that '[…]
climate‑related changes in abundance and local
extinctions appear to be more strongly related to
species interactions than to physiological tolerance
limits (low confidence)] […]' (Settele et al., 2014).
Changing climatic conditions can lead to a mismatch
between species' life-cycle events and food sources
(Schweiger et al., 2012) or to decoupled predator‑prey
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relationships, for example through influences on
the activity of predators or on trophic interactions
between species, such as the association between
the timing of budburst (food supply), the emergence
of insect larvae and the egg laying date of birds
(Both et al., 2009). In spite of their critical role in
mediating the impacts of future climate change,
species interactions are still poorly understood with a
lack of modelling. However, with respect to different
phenological shifts, the IPCC is highly confident that
climate change will continue to alter the interactions
between species in Europe (Kovats et al., 2014).
The attribution of observed changes in biodiversity
to climate change is sometimes difficult because
of the importance of other drivers, such as habitat
fragmentation, degradation and loss (Mantyka‑Pringle
et al., 2012), invasive alien species, human
management and land-use change. Nevertheless,
several comprehensive studies have identified
climate change as the main driver for changes in
the phenology and distribution of plant and animal
species in Europe and across the world (Root et al.,
2003; Parmesan, 2006; Amano et al., 2010; Singer and
Parmesan, 2010; Chen et al., 2011; Delzon et al., 2013).

Figure 4.15

Policy context
The EU Habitats Directive (EC, 1992) calls for the
regular assessment and reporting of the conservation
status of the 1 500 species and the habitats of special
European interest listed in Annexes I, II, IV and V of
the Directive. During the second reporting period,
2007–2012, Member States collected a diverse range of
data and provided expert opinion. The reports contain
information on the conservation status of species
and habitats. They also give an indication of whether
or not climate change is considered as an important
pressure (56) and threat (57) to change in conservation
status. The national reports suggest that 14 % of
habitats and 13 % of species of European interest are
already under pressure because of climate change over
their natural European range, including 43 % of dunes
habitats. In the near future, 33 % of habitats and 18 %
of species are projected to be threatened by climate
change (Table 4.1). Bogs, mires and fens are considered
to be the most vulnerable habitat types, with up to 75 %
potentially negatively affected in the near future. This
is particularly worrying because bogs and mires are
important carbon stores and their degradation releases
greenhouse gases into the atmosphere.

Selected effects of climate change on terrestrial ecosystems

Climate change

Other stress factors

• Temperature

• Land use intensiﬁcation

• Precipitation

• Unsustainable agriculture
and forestry, urbanisation
• Invasive species

• Extreme events
• CO2 concentration

Biotic impacts

Abiotic impacts

• Phenology

• Soil moisture and drought

• Physiology

• Nutrient availability

• Genetic variation

• Water and soil quality

• Reproduction

• Erosion

Impacts on terrestrial ecosystems
• Species distribution and composition
• Species interactions (predator−prey relationships, food webs)
• Ecosystem functioning and services
• Disturbance regimes (ﬁre, storms, pests and diseases)
Note:

This figure shows selected effects of climate change on terrestrial ecosystems, focusing on the effects and relationships that are covered
in this report.

Source:

ETC-CCA.

(56) Reported pressures are considered to be factors acting now or during the six-year reporting period.
(57) Reported threats are factors expected to be acting in the near future (i.e. 12 years into the future).
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The Natura 2000 network in Europe, designated under
the Habitats Directive and the Birds Directive, is — by
the number of sites — the most extensive network
of conservation areas worldwide and, as such, the
most important instrument for maintaining biological
diversity within the European Union. The principle
objective of the EU Habitats Directive (i.e. maintaining
certain species and habitats) is static and does not
recognise dynamic influences of environmental
changes such as climate change. Nevertheless,
Natura 2000 includes a lot of potential and chances
to maintain biodiversity even under conditions of a
changing climate (Ellwanger et al., 2012).
Owing to the high rate of change in climatic conditions
and the predicted wide range of changes in species
distribution and composition, the extent to which
Natura 2000 might be able to fulfil its function of
maintaining biological diversity also in the future has to
be discussed, as well as the measures that should be
taken to enhance its resilience. Some recent research
shows that the Natura 2000 network is, in principle,
able to cope with climate change and even to buffer
some of the effects. However, strengthening the fitness
of habitats and species, adaptive management, actions
to enhance coherence and better awareness of climate
change effects will be needed to support the crucial
role of Natura 2000 under climate change conditions.
Because of the complex and dynamic nature of
habitats, particularly when considering the impacts of
climate change, modelling the future distribution of

Table 4.1

habitat types should be based not exclusively on their
current definitions and mapped distributions, but also
on their constituent elements, and in particular their
characteristic plant species.
An assessment of the effectiveness of sets of
protected areas in conserving European plant and
terrestrial vertebrate species under climate change
estimates that, by 2080, 58 ± 3 % of the species would
lose suitable climate niches in protected areas. In
Natura 2000 areas, the losses were even higher, at
63 ± 2 %. The difference between protected areas
and Natura 2000 sites is partly related to topography.
While most protected areas are designated in the
mountains or rugged environments, Natura 2000
also prioritises farmlands, which are often located in
lower and flatter lands. Because proportional range
losses arising from climate change are usually more
pronounced in flatlands than in rugged terrains,
Natura 2000 is more vulnerable to climate change
(Araújo et al., 2011).
Several studies show that climate change should
be considered in the selection and management of
conservation areas (Filz et al., 2013; Virkkala et al.,
2013; Watson et al., 2013). The EU Invasive Species
Regulation also requires consideration of 'foreseeable'
climate change in the risk assessment of potential
invasive species (EU, 2014). Despite those threats,
existing protected areas play an important role in the
conservation of biodiversity under climate change,

Habitats and species groups negatively affected by climate change in at least one EU Member
State

Habitat type

% of habitats
considered …

Number of
habitats …

under
under
pressure threat

under pressure
or threat

Species group

% of species
considered …

Number of
species …

under
under
pressure threat

under pressure
or threat

Coastal habitats

21

43

28

Amphibians

20

21

Dunes habitats

43

48

21

Arthropods

11

16

114

Freshwater habitats

11

30

18

Fish

11

16

105

9

9

11

Mammals

14

18

108

25

25

12

Molluscs

37

45

38

7

15

28

Reptiles

13

15

55

Bogs, mires and fens

25

75

12

Non-vascular plants

24

36

33

Rocky habitats

17

23

13

Vascular plants

10

16

352

6

30

63

14

33

206

All species

13

18

852

Heath and scrub
Sclerophyllous scrub
Grasslands

Forests
All habitats

47

Note:

The table gives the proportion of habitat types and species groups listed in the Habitats Directive for which at least one Member State
has identified climate change as a high-rank pressure on and/or threat of unfavourable trends in the area covered or across the natural
range as reported by the Member States for the 2007–2012 reporting period.

Source:

ETC-BD, 2015.
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because most sites that are currently important should
remain important in the future (e.g. Johnston et al.,
2013; Virkkala et al., 2014; Gillingham et al., 2015).
The fact that terrestrial ecosystems are affected by
climate change is also recognised in the EU's CAP.
Member States have to establish a comprehensive
farm advisory system offering advice to beneficiaries,
including on the relationship between agricultural
management and climate change. The CAP's
cross‑compliance system related to direct payments
incorporates basic standards comprising climate
change aspects. More attention should perhaps be
paid to how these aspects are being monitored.
One of the priorities under the support for rural
development is promoting resource efficiency and
supporting the shift towards a low-carbon and
climate-resilient economy in agriculture, food and
forestry sectors (with a focus on increasing efficiency
in water use). 'Climate change mitigation and
adaptation and biodiversity' is explicitly mentioned
as a thematic sub-programme. Accordingly, Member
States have to specify agri-environment-climate
measures and forest-environment and climate
commitments that go beyond the basic standards.
These measures often include provisions for soil
(EU, 2013).
Indicator selection
The subsequent sections cover the following indicators:
•

soil moisture;

•

phenology of plant and animal species;

•

distribution shifts of plant and animal species;

•

forest composition and distribution;

•

forest fires.

Climate change directly influences physiological
processes of animal and plant species, especially
energy and water budgets, and can, in extreme cases,
lead to death by desiccation or freezing. Climate
changes affect ecosystems indirectly through soil
condition and interaction with stressors, some
of which are steered through land use and land
management, equally affecting soil characteristics and
processes. Soil moisture is a key factor for ecosystems,
which is determined by soil characteristics, vegetation
and climatic factors. To adapt to changes in these
aspects, species have several options: (1) adapting
temporally, i.e. changing their life cycle within a
year (their phenology) according to altered climatic
conditions throughout the year; (2) adapting spatially,
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i.e. changing their distribution ranges to follow suitable
climatic conditions; and (3) microevolution by adapting
physiologically. Overall, a species' adaptive potential is
the sum of the changes due to genetic adaptation and
changes due to phenotypic plasticity (i.e. the capacity
of an organism to change its phenotype in response
to a change in environment, which is not always
hereditary). Changes in plant and animal phenology
have been shown to be good indicators of climate
change impacts, but other pressures (such as nitrogen
input) may also have an impact on phenology.
Directly or indirectly, climate change can affect
species populations in a number of ways, including
species distribution changes (e.g. due to habitat
loss, or contraction and expansion, relating to their
dispersal ability). Novel non-native species are also
expanding their ranges as a result of climate change.
For example, birds and invertebrates from mainland
Europe are extending their distribution ranges
and are now being found in southern England and
moving north. Forest composition and distribution may
influence mitigation and the provision of ecosystem
services. Furthermore, they have large economic
relevance. Forest disturbances are experienced in
many European countries, in particular forest fires in
southern Europe. Climate change may lead to more
forest fires because of warmer and drier weather, and
possibly increases in lightning storms (a natural cause
of fires).
Information on forest pests and diseases is presented
in the concluding section, but this is not an EEA
indicator. Invasive alien species have been recognised
as one of the most important threats to biodiversity at
the global level. The available information is insufficient
for creating an EEA indicator, but key information on
alien invasive species and climate change is presented
in Box 4.7.
Data quality and gaps
Quantitative information, from both observations and
modelling, on the past trends and impacts of climate
change on soil and the various related feedbacks is
very limited. For example, data have been collected
in forest soil surveys, but issues with survey quality
— at least in the first European forest soil survey —
makes comparison between countries (and between
surveys) difficult (Hiederer and Durrant, 2010). To date,
assessments have relied mainly on local case studies
that have analysed how soil reacts under changing
climate in combination with evolving agricultural and
forest practices. Thus, Europe-wide soil information
to help policymakers identify appropriate adaptation
measures is absent. There is an urgent need to
establish harmonised monitoring networks to provide
a better and more quantitative understanding of this
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system. Currently, EU-wide soil indicators are (partly)
based on estimates and modelling studies, most of
which have not yet been validated. It is still common
to use precipitation (sometimes combined with
evaporation-based indicators, such as the SPI or the
Palmer Drought Severity Index) to describe changes
in soil moisture, despite the high sensitivity of the
assessment to the specific method used (Samaniego
et al., 2013).
Generally, observations for popular species groups
such as vascular plants, birds, other terrestrial
vertebrates and butterflies are much better than for
less conspicuous and less popular species. Similarly,
owing to (1) extensive existing networks, (2) a long
tradition and better means of detection of rapid
responses of the organisms to changes, and (3)
general knowledge, phenological changes are better
observed and recorded than range shifts. Projections
of climate change impacts on phenology rely crucially
on the understanding of current processes and
responses. For most cases, only a few years of data
are available and they do not cover the entire area of
the EU but are restricted to certain well-monitored
countries with a long tradition, for example, in the
involvement of citizen scientists. Based on the short
time series, the quantification of impacts and their
interpretation thus has to rely on assumptions (Singer
and Parmesan, 2010). One of the greatest unknowns
is how quickly and closely species will alter their
phenology in accordance with a changing climatic
regime (van Asch et al., 2007; Singer and Parmesan,
2010). Even experimental studies seem to be of little
help, as they notoriously tend to underestimate the
effects of climate change on changes in phenology
(Wolkovich et al., 2012).
Observing range shifts (and projecting responses
to climate change) crucially depends on good

distributional data, which is better for popular groups
of species than for other species. There are also large
regional differences in the quality of observational data,
with better data generally available in northern and
western Europe than in southern Europe. As neither
data quality nor lack of data is properly recorded,
the true quality of projections of range shifts, as
well as the likelihood of unobserved range shifts, is
largely unknown (Rocchini et al., 2011). Some studies
found unexpected results, such as range shifts of
terrestrial plants towards lower elevations, which may
be explained by the characteristics of local climate
change or by taxonomic and methodological shortfalls
identified in the simulation of range shifts (Lenoir and
Svenning, 2015).
Species distribution models (also known as habitat
models, niche models or climate envelope models)
suffer from a variety of limitations because species are
currently not in equilibrium with climate, and because
species dispersal and biotic interactions are largely
ignored (Bellard et al., 2012; Zarnetske et al., 2012).
Furthermore, climate change projections for Europe
include climate conditions for which no analogue
climate was available for the model calibration. Some
models still do not include such climates, which may
lead to misinterpretations of projected changes.
When documenting and modelling changes in soil,
biodiversity and forest indicators, it is not always
feasible to track long-term changes (signal) given
the significant short-term variations (noise) that may
occur (e.g. seasonal variations of soil organic carbon
as a result of land management). Therefore, detected
changes cannot always be causally attributed to
climate change. Human activity, such as land use and
management, can be more important for terrestrial
ecosystem components than climate change, both for
explaining past trends and for future projections.
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4.4.2 Soil moisture

Key messages
• Harmonised in situ data on soil moisture are not available across the EU. Modelled soil moisture content has significantly
decreased in the Mediterranean region and increased in parts of northern Europe since the 1950s, as a result of past
warming and precipitation changes.
• Significant decreases in summer soil moisture content in the Mediterranean region and increases in north-eastern Europe
are projected for the coming decades.

Relevance

Past trends

Water retention is a major hydrological property of soil
that governs soil functioning in ecosystems. Maintaining
water retention capacity and porosity in soils can also
reduce the effects of extreme precipitation events.
While water retention capacity is an intrinsic soil
property based on clay content, structure and organic
matter levels, soil moisture content is highly dynamic
and is, if based on natural factors only, the balance
between rainfall, evapotranspiration, surface run-off
and deep percolation. Changes in temperature as
well as precipitation patterns and intensity will affect
evapotranspiration and infiltration rates, and thus soil
moisture.

As a spatially and temporally comprehensive set of
harmonised soil moisture data over a sufficient soil
depth is not available, assessments of past trends
in soil moisture rely on hydrological models driven
by data on climate, soil characteristics, land cover
and phenological phases. These simulations take
account of changes in available energy, humidity
and wind speed, but disregard artificial drainage
and irrigation practices. Modelling of soil moisture
content over the past 60 years suggests that there
has been little change at the global and pan-European
levels (Sheffield et al., 2012; Kurnik et al., 2015).
At the sub-continental scale, however, significant
trends in summer soil moisture content can be
observed (Map 4.13). Soil moisture content has
increased in parts of northern Europe, probably
because of increases in precipitation amounts. In
contrast, soil moisture has decreased in most of the
Mediterranean region, particularly in south-eastern
Europe, south‑western Europe and southern France.
The substantial increases in soil moisture content
modelled over western Turkey should be considered
with caution because of the limited availability of
climate and soil data in the region, which affects the
accuracy of the modelled trends (see Kurnik et al.,
2015, for details).

Although soil moisture constitutes only about 0.005 %
of global water resources, it is an important part
of the water cycle (see also Section 4.3) and a key
variable controlling numerous processes and feedback
loops within the climate system (Seneviratne et al.,
2010). When depleted owing to a lack of precipitation,
increased evapotranspiration or increased run-off,
soil moisture starts to constrain plant transpiration,
growth and, thus, productivity of natural and managed
ecosystems. Therefore, information on soil moisture
content can be used as a proxy for agricultural
droughts.

158

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Climate change impacts on environmental systems

Map 4.13

Past trends in summer soil moisture content
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Projections
Based on the results of 12 RCMs, the projected
changes in soil moisture anomaly (Palmer Drought
Severity Index) show a strong latitudinal gradient,
from pronounced drier conditions in southern Europe
to wetter conditions in northern European regions
in all seasons (Map 4.14). The largest changes in the
soil moisture index between 2021–2050 and the
baseline period (1961–1990) are projected for the

Map 4.14
-30°

summer period in the Mediterranean, especially
in north‑eastern Spain and south-eastern Europe
(Heinrich and Gobiet, 2012).
Projections for the end of the 21st century show
significant decreases in summer soil moisture content
in the Mediterranean region and central Europe, and
increases in the north-eastern part of Europe (Calanca
et al., 2006; López-Moreno et al., 2009; Orlowsky and
Seneviratne, 2013).
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Box 4.6

Soils under climate change: carbon storage and soil erosion

Climate is one of the factors that determines soil formation and soil processes. Soil functions are equally critical in the soil
system's resilience to climate change effects. Soils can offset other greenhouse gas emissions by capturing and storing
carbon, and the soil's flood regulation function (owing to the structuring effect of soil organic matter) can help in the
adaptation to climate change. Furthermore, soils also help regulate temperature, as the water present in the soil has a
cooling effect. Soils are subject to a range of degradation processes, some of which are strongly influenced by climate
change. For example, erosion by water and wind are affected by extreme climate events (intense rainfall, droughts, heat
waves, storms). In particular, erosion of the upper part of the soil (topsoil) leads to declining soil organic carbon and
nutrient stocks, which influences fertility and has further knock-on effects. Soil organic matter loss leads to a breakdown
of the soil structure and reduced soil water storage, which can lead to an enhanced risk of flooding and landslides in
adjacent areas. Soil organic matter can be a strong indicator of soil biodiversity, which plays a crucial role in carbon and
nutrient cycling. In addition, both soil organic matter and soil organism diversity and activity are affected by temperature
and moisture changes. The interlinkages between the climate and soil system, along with the interaction between humans
and these natural systems, define the degree to which soil can deliver services to society. Land use and land management
(supported by conducive policies) responsive to the challenges of climate change and its impact are thus crucial for the
resulting services.
Soil organic carbon
Estimates derived from the European Soil Database indicate that around 45 % of the mineral soils in Europe have a topsoil
organic carbon content that is very low to low (0–2 %) and 45 % have a medium content (2–6 %) (Rusco et al., 2001). Soil
organic carbon (SOC) stocks in the EU-27 were estimated at 73–79 billion tonnes using the Topsoil Organic Carbon Content
for Europe (OCTOP) model (Jones et al., 2005, 2012). Comparisons of this modelled data with alternative approaches
suggest that the SOC stock may have been both underestimated and overestimated. On the one hand, Baritz et al. (2014)
suggest that the OCTPOP model has underestimated SOC (e.g. in Norway). On the other hand, estimates for north-eastern
Europe, comprising countries with a high proportion of organic topsoils, are presumably overestimated (country data,
Panagos et al., 2013; GEMAS (58) dataset, Baritz et al., 2014). Modelling results from the CAPRESE (59) project show a topsoil
(0–30 cm) SOC pool of 17.6 billion tonnes (or Gt) (60) in agricultural soils at pan-European level (61) (17.0 Gt for the EU-28)
(Lugato, Panagos et al., 2014). These data suggest that the OCTOP assessment may have overestimated the SOC pool in
agricultural soils by around 24 %. Values for forest SOC stocks in Europe (on a reference forest area of 163 million hectares
(ha)) were estimated at 3.50–3.94 Gt in forest floors (organic sub-layers), and 11.4–12.2 Gt (0–30 cm) or 21.4–22.5 Gt (upper
1 m) in mineral and peat soils (De Vos et al., 2015). These new data point at an underestimation of most existing estimates
for European forest soils, and highlight that a substantial amount of SOC is stored in forest floors.
A recent assessment (using the LUCAS (62) database along with SOC predictors) shows that predicted SOC contents are
lowest in Mediterranean countries and in croplands across Europe, whereas the largest predicted SOC contents are in
wetlands, woodlands and mountainous areas (de Brogniez et al., 2015). This is in line with the notion that croplands
generally act as a carbon source, while forest soils generally provide a sink (Schils et al., 2008). Nevertheless, some cropping
practices can lead to sequestration in arable soils if given time (see below), while CH4 emissions from livestock and N2O
emissions from arable agriculture may be fully compensated by the CO2 sink provided by forests and grasslands (Schulze
et al., 2009).
Possible pathways for SOC and CO2 development in temperate mineral soils involve many possible interrelationships,
making the effects of climate change on SOC stocks and greenhouse gas emissions complex (EEA, 2012). The organic carbon
pool of soils (including deeper layers) in the northern permafrost region is estimated to account for approximately 50 % of
the estimated global belowground organic carbon pool (Tarnocai et al., 2009). There, higher temperatures could increase
the activity of microbial decomposers and indirectly affect organic matter decomposition through other feedbacks, of which
thawing of permafrost (covering about 50 % of the boreal zone) and increased fire frequency are expected to create the
strongest effects (positive and negative, respectively) on microbial CO2 production (Allison and Treseder, 2011).

(58)
(59)
(60)
(61)
(62)

GEMAS: 'Geochemical Mapping of Agricultural and Grazing Land Soil'.
CAPRESE: 'CArbon PREservation and SEquestration in agricultural soils: Options and implications for agricultural production'.
Allocated as 7.6 and 5.5 Gt in arable and pasture lands, respectively.
EU-28 + Serbia, Bosnia and Herzegovina, Montenegro, Albania, former Yugoslav Republic of Macedonia and Norway.
LUCAS: 'Land Use/Cover Area frame Statistical Survey'.
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Box 4.6

Soils under climate change: carbon storage and soil erosion (cont.)

In Europe, the CAPRESE projections using two climate scenarios (Lugato, Bampa et al., 2014) show that, compared with a
baseline stock of 17.6 Gt, conversion of grassland to arable land can rapidly lead to consistent SOC losses (up to 2 Gt of
SOC by 2100), while the conversion of arable land to grassland can lead to the most rapid and absolute SOC gain (with
sequestration rates of 0.4–0.8 tonnes SOC/ha/year). Among the arable practices, ley in rotation and cover crops performed
better than straw incorporation and reduced tillage. The same model was used to assess the effect of crop residue removal
for ethanol production (Lugato and Jones, 2015). Such dry matter removal consistently resulted in SOC losses, which could
not — at least for large-scale applications with up to 90 % removal of the residues — be totally offset by mitigation practices
(such as ryegrass cover crop or biodigestate return).
Soil erosion
According to the revised water erosion model RUSLE2015, developed by the JRC in 2015 (Panagos, Ballabio et al., 2015;
Panagos, Borrelli et al., 2015), around 11.4 % of the EU-28 territory is estimated to be affected by a moderate to high-level
soil erosion rate (> 5 tonnes/ha/year). About 0.4 % of EU land suffers from extreme erosion (> 50 tonnes/ha/year). The mean
erosion rate is estimated to be 2.46 tonnes/ha/year. Nevertheless, soil loss rates show high regional variability, with land
use being one of the decisive parameters. Higher than average annual rates of water erosion are estimated for sparsely
vegetated areas (40.1 tonnes/ha) and arable land (2.67 tonnes/ha), while lower than average rates are estimated in forests
(0.065 tonnes/ha) and pastures (2.02 tonnes/ha). These estimates comprise soil loss caused by raindrop impact, overland
flow (or sheet wash) and rill erosion, but do not account for gully or stream-channel erosion. Despite the remaining
uncertainties and a lack of validation, these model results are more accurate than previous outputs, mainly owing to
increased accuracy of the input data. Modelling of the wind-erodible fraction of soil shows that Mediterranean countries,
such as Cyprus, Italy, Malta and Spain, have the lowest average erodible fraction values (around 20 %), whereas the
highest values appear in the areas surrounding the North Sea and the Baltic Sea, with Denmark, the Netherlands, Poland
and northern Germany showing average values of above 40 %. However, high regional variability applies, particularly in
southern countries (Borrelli et al., 2014).
Soil erosion rates and extent are expected to reflect changing patterns of land-use and climate change. Variations in
rainfall patterns and intensity, as well as in storm frequency and intensity, may affect erosion risk either directly, through
the physical displacement of soil particles, or indirectly, through removing protective plant cover. Available case studies
for Europe suggest that climate change may increase as well as decrease soil erosion, depending on local climatological
and environmental conditions (Märker et al., 2008; Scholz et al., 2008; Thodsen et al., 2008). To predict the future rainfall
erosivity, the JRC used the Hadley Centre Global Environment Model version 2 (HadGEM2) under the RCP4.5 scenario,
combined with a geo-statistical model to estimate a Rainfall Erosivity Database at European Scale (REDES). An average
increase of 10–15 % in rainfall erosivity is estimated until 2050. The major increase is predicted in northern Europe (coasts
of the North Sea and the English Channel), the Alps, north-western France and eastern Croatia. The Nordic countries
(specifically Finland and Sweden), the Baltic states and eastern Poland are expected to show a decrease in rainfall erosivity.
Small changes in rainfall erosivity are expected in central Europe (specifically Slovakia and western Poland) and other parts
of Europe, while the Mediterranean basin shows mixed trends. Projected wind erosion estimates are not available for
Europe. Nevertheless, drier regions are likely to be more susceptible to wind erosion than wetter regions.
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4.4.3 Phenology of plant and animal species

Key messages
• The timing of seasonal events has changed across Europe. A general trend towards earlier spring phenological stages
(spring advancement) has been shown in many plant and animal species, mainly due to changes in climate conditions.
• As a consequence of climate-induced changes in plant phenology, the pollen season starts on average 10 days earlier
than it did and is longer than it was in the 1960s.
• The life cycles of many animal groups have advanced in recent decades, with events occurring earlier in the year, including
frogs spawning, birds nesting and the arrival of migrant birds and butterflies. This advancement is attributed primarily to
a warming climate.
• The breeding season of many thermophilic insects (such as butterflies, dragonflies and bark beetles) has been
lengthening, allowing, in principle, more generations to be produced per year.
• The observed trends are expected to continue into the future. However, simple extrapolations of current phenological
trends may be misleading because the observed relationship between temperature and phenological events may change
in the future.

Relevance
Phenology is the timing of seasonal events such
as budburst, flowering, dormancy, migration and
hibernation. Some phenological responses are
triggered by mean temperature, while others are more
responsive to day length or weather (Menzel et al.,
2006, 2011; Urhausen et al., 2011). Altitude and the
amount of urbanisation have an effect on temperature
and, consequently, on phenology (Jochner et al., 2012).
Generally, so-called 'spring advancement' is seen in
hundreds of plant and animal species in many world
regions (Peñuelas et al., 2013). Changes in phenology
affect the growing season and, thus, ecosystem
functioning and productivity. Changes in phenology are
having an impact on farming (see Section 5.3), forestry,
gardening and wildlife. Changes in flowering have
implications for the timing and intensity of the pollen
season and related health effects.
Climate warming affects the life cycles of all animal
species. Populations at the northern range margins of
a species' distribution may benefit from this change,
whereas populations at the southern margins may
encounter increasing pressure on their life cycles.
Mild winters and the earlier onset of spring allow for
an earlier onset of reproduction and, in some species,
the development of extra generations during the year.
However, under unfavourable autumn conditions, the
attempted additional generation can result in high
mortality. This developmental trap has been suggested
as the cause for the dramatic decline of the wall brown,
a butterfly with non-overlapping, discrete generations,
in Europe (Van Dyck et al., 2015). In the case of a

phenological decoupling of species interactions in an
ecosystem (e.g. reduced pressure from parasitoids
and predators), certain populations may reach very
high abundances that attain or exceed damage
thresholds in managed ecosystems (Baier et al., 2007).
Desynchronisation of phenological events, such as
shortened hibernation times, may deteriorate body
condition, and interactions between herbivores and
host plants could be lost (Visser and Holleman, 2001),
and may also negatively affect ecosystem services such
as pollination (Hegland et al., 2009; Schweiger et al.,
2010). There is robust evidence that generalist species
with a high adaptive capacity are favoured, whereas
specialist species will be affected mostly negatively
(Schweiger et al., 2008, 2012; Roberts et al., 2011).
Past trends
A variety of studies show that there has been a general
trend for plant, fungi and animal species to advance
their springtime phenology over the past 20–50 years
(Cook et al., 2012). An analysis of 315 species of fungi
in England showed that, on average, they increased
their fruiting season from 33 to 75 days between 1950
and 2005 (Gange et al., 2007). Furthermore, climate
warming and changes in the temporal allocation of
nutrients to roots seem to have caused significant
numbers of plant species to begin fruiting in spring
as well as autumn. A study on 53 plant species in the
United Kingdom found that they have advanced leafing,
flowering and fruiting on average by 5.8 days between
1976 and 2005 (Thackeray et al., 2010). Similarly,
29 perennial plant species in Spain have advanced leaf
unfolding on average by 4.8 days, with first flowering
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having advanced by 5.9 days and fruiting by 3.2 days
over the period 1943–2003, whereas leaf senescence
was delayed on average by 1.2 days (Gordo and Sanz,
2006b). For plants, a medium spring advancement of
four to five days per 1 °C increase has been observed
in Europe (Bertin, 2008; Estrella et al., 2009; Amano
et al., 2010). Short warm and cold spells also can
have a significant effect on phenological events, but
this depends strongly on their timing and the species
(Koch et al., 2009; Menzel et al., 2011).
Remote sensing data can support the estimation of
the trend of phenological phases over large areas.
Continental-scale change patterns have been derived
from time series of satellite-measured phenological
variables (1982–2006) (Ivits et al., 2012). North-eastern
Europe showed a trend towards an earlier and
longer growing season, particularly in the northern
Baltic areas. Despite the earlier leafing, large areas
of Europe exhibited a rather stable season length,
indicating that the entire growing season has shifted
to an earlier period. The northern Mediterranean
displayed on average a shift in the growing season
towards later in the year, while some instances of
earlier and shorter growing seasons were also seen.
The correlation of phenological time series with
climate data shows a cause-and-effect relationship
over the semi-natural areas. In contrast, managed
ecosystems have a heterogeneous change pattern
with less or no correlation with climatic trends. Over
these areas, climatic trends seemed to overlap in a
complex manner, with more pronounced effects of
local biophysical conditions and/or land management
practices. One study demonstrated that the growing
season was starting earlier between 2001 and 2011 for
the majority of temperate deciduous forests in western
Europe, with the most likely cause being regional spring
warming effects experienced during the same period
(Hamunyela et al., 2013).
A combination of ground observations and the
Normalized Difference Vegetation Index (NDVI) both
indicated that spring phenology significantly advanced
during the period 1982–2011 in central Europe. The
average trend of 4.5 days advancement per decade
was not uniform and weakened over the last decade
investigated, where ground observations and NDVI
observations showed different trends (see Figure 4.16).
One possible explanation for the weakening trend from
2000 to 2010 is the response of early spring species to
the cooling trend in late winter during that time frame
(Fu et al., 2014). However, while individual studies find
good agreement between in situ observations and
experimental warming, a meta-analysis (Wolkovich et al.,
2012) suggests that experiments can substantially under
predict advances in the timing of flowering and leafing of
plants in comparison with observational studies.
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The phenology of numerous animals has advanced
significantly in response to recent climate change (Dunn
and Møller, 2014). Several studies have convincingly
demonstrated that the life-cycle traits of animals are
strongly dependent on ambient temperatures, in
both terrestrial and aquatic habitats (e.g. Robinet and
Roques, 2010; Schlüter et al., 2010; Tryjanowski et al.,
2010; Cook et al., 2012; Bowler et al., 2015). Mostly, the
observed warming leads to an advanced timing of life
history events. For example, temporal trends for the
appearance dates of two insect species (honey bee, Apis
mellifera, and small white butterfly, Pieris rapae) in more
than 1 000 localities in Spain have closely followed
variations in recorded spring temperatures between
1952 and 2004 (Gordo and Sanz, 2006b).
The predicted egg-laying date for the pied flycatcher
(Ficedula hypoleuca) showed significant advancement
between 1980 and 2004 in western and central Europe,
but delays in northern Europe, both trends depending
on regional temperature trends in the relevant season
(Both and Marvelde, 2007). Data from four monitoring
stations in south to mid-Norway of nest boxes of the
pied flycatcher from 1992 to 2011 show, contrary to the
regional temperature estimated trends, that there were
no significant delays in the egg-laying date for the pied
flycatcher, but there was an annual fluctuation, making
a rather flat curve for the median over these years
(Framstad, 2012).
Two studies on Swedish butterfly species showed that
the average advancement of the mean flight date was
3.6 days per decade since the 1990s (Navarro-Cano
et al., 2015; Karlsson, 2014). Of the 66 investigated
butterfly species, 57 showed an advancement of the
mean flight date, which was significant for 45 species.
A study from the United Kingdom found that each
of the 44 species of butterfly investigated advanced
its date of first appearance since 1976 (Diamond
et al., 2011). A study indicated that average rates
of phenological change have recently accelerated
in line with accelerated warming trends (Thackeray
et al., 2010). There is also increasing evidence about
climate‑induced changes in spring and autumn
migration, including formerly migratory bird species
becoming resident (Gordo and Sanz, 2006a; Jonzén
et al., 2006; Rubolini et al., 2007; Knudsen et al., 2011).
Warmer temperatures shorten the development
period of European pine sawfly larvae (Neodiprion
sertifer), reducing the risk of predation and potentially
increasing the risk of insect outbreaks, but interactions
with other factors, including day length and food
quality, may complicate this prediction (Kollberg et al.,
2013). Warmer temperatures also extend the growing
season. This means that plants need more water to
keep growing or they will dry out, increasing the risk of
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Figure 4.16

Species-specific trends of spring leaf unfolding during the two periods 1982–1999 and 2000–2011
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This figure shows species-specific trends of spring leaf unfolding (in days per year) during the two periods 1982–1999 and 2000–2011.
The numbers above or below the column are the average dates (calendar day) of species-specific phenological events for the study
period.

Source:

Adapted from Fu et al., 2014.

failed crops and wildfires. The shorter, milder winters
that follow might fail to kill dormant insects, increasing
the risk of large, damaging infestations in subsequent
seasons. For climate change factors other than
temperature, the phenology of emissions of volatile
compounds from flowers' seems affected not only
by warming or drought but also by the phenological
changes in the presence of pollinators. Nevertheless,
experimental evidence suggests that phenological
effects on pollinator–plant synchrony may be of limited
importance (Willmer, 2012; Peñuelas et al., 2013).
Projections
Phenology is primarily seen as an indicator to observe
the impacts of climate change on ecosystems and
their constituent species. However, an extrapolation
of the observed relationship between temperature

and phenological events into the future can provide an
initial estimate of future changes in phenology. Plants
and animal species unable to adjust their phenological
behaviour will be negatively affected, particularly in
highly seasonal habitats (Both et al., 2010). Obviously,
there are limits to possible changes in phenology,
beyond which ecosystems have to adapt by changes in
species composition. For six dominant European tree
species, flushing is expected to advance in the next
decades, but this trend substantially differed between
species (from 0 to 2.4 days per decade) (Vitasse et al.,
2011). Interestingly, the projected advancement is
quite similar to the recently observed rates and does
not increase, as could have been expected from
increasingly rising temperatures. This might indicate
some physiological limitations in temporal adaptation
to climate change. Leaf senescence of two deciduous
species, which is more difficult to predict, is expected to
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be delayed by 1.4 to 2.3 days per decade. Earlier spring
leafing and later autumn senescence are likely to affect
the competitive balance between species. Species
unable to adjust their phenological behaviour will be
negatively affected, particularly in highly seasonal
habitats. For instance, many late-succession temperate
trees require a chilling period in winter, followed by a
threshold in day length, and only then are sensitive to
temperature. As a result, simple projections of current
phenological trends may be misleading, as the relative
importance of influencing factors can change (Cook
et al., 2012).
Projections for animal phenology are mainly carried
out for species of high economic interest (Hodgson
et al., 2011). Quantitative projections are hampered
by the high natural variability in phenological data,
particularly in insects (Baier et al., 2007). The projected
future warming is expected to cause further shifts in
animal phenology, with both positive and negative
impacts on biodiversity. For example, increasing spring
temperatures may have positive fitness effects in sand
lizard populations in Sweden (Ljungström et al., 2015).
Nevertheless, climate change can lead to an increase
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of trophic mismatching, unforeseeable outbreaks of
species, a decrease of specialist species and changes in
ecosystem functioning (van Asch et al. 2007; Singer and
Parmesan 2010). A recent study suggests that many
pollinator species are not threatened by phenological
decoupling from specific flowering plants (Benadi et al.,
2014). Other studies simulated the consequences of
the phenological shifts in plant–pollinator networks
and found that the breadth of the diet of pollinators
might decrease because of the reduced overlap
between plants and pollinators and that extinctions of
plants, pollinators and their crucial interactions could
be expected as consequences of these disruptions.
Empirical evidence shows that climate change over
the last 120 years has resulted in phenological shifts
that caused interaction mismatches between flowering
plants and bee pollinators. As a consequence, many
bee species were extirpated from this system,
potentially as a result of climate-induced phenological
shifts. Although the plant–pollinator interaction
networks are quite flexible, redundancy has been
reduced, interaction strengths have weakened and
pollinator service has declined (Memmott et al., 2007;
Burkle et al., 2013).
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4.4.4 Distribution shifts of plant and animal species

Key messages
• Observed climate change is having significant impacts on the distribution of European flora and fauna, with distribution
changes of several hundred kilometres projected over the 21st century. These impacts include northwards and uphill
range shifts, as well as local and regional extinctions of species.
• The migration of many species is lagging behind the changes in climate owing to intrinsic limitations, habitat use and
fragmentation, and other obstacles, suggesting that they are unable to keep pace with the speed of climate change.
Observed and modelled differences between actual and required migration rates may lead to a progressive decline in
European biodiversity.
• Climate change is likely to exacerbate the problem of invasive species in Europe. As climatic conditions change, some
locations may become more favourable to previously harmless alien species, which then become invasive and have
negative impacts on their new environments.
• Climate change is affecting the interaction of species that depend on each other for food or other reasons. It can disrupt
established interactions but also generate novel ones.

Relevance
Climate change affects ecosystems in complex ways.
Many sites will experience a change in the composition
and abundance of species. This change does not
necessarily translate into species loss, but generalist
species appear to be favoured over specialists.
The composition of many plant communities is
changing, often to such an extent that completely
new assemblages are appearing (Urban et al., 2012).
The extinction risk is particularly large at the trailing
edge (i.e. southern or lower altitudinal range margins)
of a species (Dirnböck et al., 2011). The ecological
implications of these changes and their effects on
the provision of ecosystems services are difficult to
assess and quantify. However, it is clear that climate
change is an important threat for long-term biodiversity
conservation. It threatens the ability of meeting the
EU policy target to halt biodiversity loss by 2020. In
the longer term, the favourable status of Natura 2000
sites is also in danger (Thuiller et al., 2011; Hickler et al.,
2012). The negative effects of climate change not only
are having an impact on habitats that already have an
unfavourable conservation status, but also are likely
to cause changes in habitats that presently have a
favourable conservation status (EC, 2013b).
Shifts in the distribution of plant and animal species
can have consequences for agriculture (crops and
livestock), forestry, human health, biodiversity and its
conservation, and ecosystem functions and services
(see Section 4.5). The distribution of many animal
species will be particularly affected by climate change
if habitat fragmentation impedes their movement

to more suitable climatic conditions. Northwards
and uphill movements are taking place two to three
times faster than previously reported (Chen et al.,
2011). An increased extinction risk compared with
previous findings is predicted, and is supported by
observed responses to climate change (Maclean and
Wilson, 2011). A 'biotic homogenisation' of specific
ecological communities of European flora and fauna
(i.e. losing regional uniqueness and characteristics) is
projected (Davey et al., 2012). Looking at the Natura
2000 terrestrial species, amphibians are considered
to be most vulnerable to climate change. For many
invertebrates (with the exception of butterflies), not
much is known about their response to climate change,
as there is limited knowledge about their ecology or their
present distribution (EC, 2013b).
The impacts of climate change on a single species can
lead to disruptions or alterations of currently existing
species interactions such as competition, herbivory,
predation, parasitism, pollination and symbiosis. These
interactions are affected because different species
adapt their phenology (i.e. the timing of annual events)
and their distributional range differently in response to
climate change (Kovats et al., 2014; Settele et al., 2014).
Species interactions can further be disrupted by invasive
species introduced as a result of human interference.
Climate change can also affect disturbance regimes,
such as wildfires and storms. Biodiversity is increasingly
acknowledged as providing indispensable ecosystem
services, such as increasing the resistance of ecosystem
productivity to climate extremes (Isbell et al., 2015).
Therefore, the 'EU Biodiversity Strategy to 2020' regards
biodiversity as 'our collective life insurance' (EC, 2011).
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An improved understanding of how climate change
will affect species interactions in novel communities
established under a novel climate can be utilised
to assess the extinction risk of species of particular
conservation concern. It will also enhance our ability
to assess and mitigate potential negative effects on
ecosystem functions and services. Despite increasing
knowledge of the effects of climate change on pairwise
species interactions and on complete ecological
networks, quantitative assessments of these effects are
still lacking.
Past trends
A wide variety of plant and animal species in Europe
have moved northwards and uphill during recent
decades. Mountain top floras across Europe have
shown significant changes in species composition
between 2001 and 2008, with cold-adapted species
decreasing and warm-adapted species increasing
in number (Gottfried et al., 2012). On average,
most species have moved uphill. These shifts have
had opposing effects on the species richness of
summit floras in boreal-temperate mountain regions
(+ 3.9 species on average) and Mediterranean
mountain regions (– 1.4 species) (Pauli et al., 2012).
Data from Switzerland collected over an altitudinal
range of 2 500 m over a short period of eight years
(2003–2010) revealed significant shifts in communities
of vascular plants towards warm-dwelling species at
lower altitudes. However, rates of community changes
decreased with altitude (Roth et al., 2014). There is
further evidence of increases in the distribution range
due to climate change for several plant species (Berger
et al., 2007; Walther et al., 2007; Pompe et al., 2011).
The distributions of many terrestrial animals have
recently shifted to higher elevations. In Britain, the
distributions of spiders, ground beetles, butterflies,
grasshoppers and allies have shifted to higher
elevations at a median rate of 11 m per decade, and
to higher latitudes at a rate of 17 km per decade, but
with substantial variability across and within taxonomic
groups (Chen et al., 2011). These range shifts are partly
attributable to observed changes in climatic conditions,
but land-use and other environmental changes also
play a role (Schweiger et al., 2010, 2012). A study in
the Netherlands covering the period between 1932
and 2004 found that half of the investigated bird
species were overwintering significantly closer to
their breeding site than in the past, most likely due to
warmer winters (Visser et al., 2009). A long-term trend
analysis of 110 common breeding birds across Europe
(1980–2005, 20 countries) showed that species with the
lowest thermal maxima showed the sharpest declining
trends in abundance (Jiguet et al., 2010). In other words,
cold‑adapted species are losing territory most quickly.
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Observations for most species show an expansion
at the leading edge (i.e. by expanding the range
northwards and/or uphill), whereas there is less
evidence for contractions at the trailing edge (i.e. at
the southern margins). However, bumblebees, which
are an important pollinator for agricultural and
natural ecosystems, showed a different response
to the observed warming in recent decades. They
suffered from strong range contractions at their
southern margins of up to 300 km in southern
Europe during the last 40 years, but failed to expand
northwards, thereby experiencing a substantial
compression of their range (Kerr et al., 2015). The
Community Temperature Index (CTI) is a measure
of the rate of change in community composition in
response to temperature change. As the CTI increases,
butterfly communities become increasingly composed
of species associated with warmer temperatures.
For example, the CTI of butterfly communities across
Europe has increased by 0.14 °C per decade from
1970 to 2007. However, temperature has increased by
0.39 °C per decade in the same period, that is, almost
three times faster than the butterfly community could
move northwards (van Swaay et al., 2008). The finding
that the movement of animal species is unable to keep
pace with climate change has been confirmed in an
analysis of the CTI of several thousand local bird and
butterfly communities across Europe (see Map 4.15)
(Devictor et al., 2012).
A comprehensive review study on amphibians and
reptiles found that 20 out of the 21 amphibian and
four out of the five reptilian species assessed in Europe
were already affected by climate change. The reported
effects were negative, mainly through population
declines, reductions in habitat suitability, and reduced
survival and range sizes, in more than 90 % for
amphibians and in more than 60 % for reptiles (Winter
et al., 2016). A review study on ducks (Anatidae), which
are major elements of wetland biodiversity, reports
shifts in winter distribution range and phenology.
Nevertheless, a phenological mismatch between
the periods of peak energy requirements for young
and peak seasonal food availability was not found in
general with regard to ducks (Guillemain et al., 2013).
The contribution of the Arctic to global biodiversity is
substantial, as the region supports globally significant
populations of birds, mammals and fish. The Arctic
Species Trend Index (ASTI) has been tracking trends in
306 Arctic species. An analysis of the ASTI over 34 years
(1970–2004) has shown that the abundance of High
Arctic vertebrates declined by 26 % whereas Low Arctic
vertebrate species increased in abundance. Sub-Arctic
species did not show a trend over the whole time
period, but seem to have declined since the mid-1980s
(McRae et al., 2010).
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Map 4.15
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The map shows the temporal trend of the Community Temperature Index (CTI) of birds and butterflies for each country. A temporal
increase in CTI directly reflects that the species assemblage of the site is increasingly composed of individuals belonging to species
dependent on higher temperatures. The height of each arrow is proportional to the temporal trend and its direction corresponds to the
sign of the slope (from south to north for positive slopes). The arrow is opaque if the trend is significant.

Source:

Adapted from Devictor et al., 2012.

There is some evidence that climate change has already
played a role in the spread of alien animal species in
Europe (see Box 4.7).
Projections
The observed northwards and uphill movement of
many plant and animal species is projected to continue
in the current century. Threatened endemic species
with specific requirements of the ecotope or a small
distribution range will generally be at greatest risk,
in particular if they face migration barriers (Dirnböck
et al., 2011).
A modelling study comprising 150 high-mountain plant
species across the European Alps projects average
range size reductions of 44–50 % by the end of the
21st century (Dullinger et al., 2012). An assessment of
the impacts of climate change on 2 632 plant species
across all major European mountain ranges under four
future climate scenarios projected that habitat loss

by 2070–2100 will be greater for species distributed
at higher elevations (Engler et al., 2011). Depending
on the climate scenario, up to 36–55 % of Alpine plant
species, 31–51 % of sub-Alpine plant species and
19–46 % of montane plant species are projected to lose
more than 80 % of their suitable habitat. Nevertheless,
at the finer scale, microclimate heterogeneity may
enable species to persist under climate change in so
called micro-climatic refugia (Scherrer and Körner,
2011). A Europe-wide study of the stability of 856 plant
species under climate change indicated that the
mean stable area of species decreases significantly
in Mediterranean scrubland, grassland and warm
mixed forests (Alkemade et al., 2011). The rate of
climate change is expected to exceed the ability of
many plant species to migrate, especially as landscape
fragmentation may restrict movement (Meier et al.,
2012). A recent study has analysed the likely shifts in
distribution for 3 048 plants and animals in England.
Of those species, 640 (21 %) were classified as being at
high risk owing to the loss of substantial parts of their
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current distributions as a result of a 2 °C rise in global
temperatures (Pearce-Higgins et al., 2015).
Animals generally have a greater capacity than plants
to escape unfavourable climatic conditions because
of their greater mobility, but they are also affected
by climate change. A study based on bioclimatic
envelope modelling for 120 native terrestrial European
mammals under two climate scenarios showed that
1 % or 5–9 % of European mammals risk extinction
(Levinsky et al., 2007). Another study simulated
phylogenetic diversity for plants, birds and mammals
in an ensemble of forecasts for 2020, 2050 and 2080
(Thuiller et al., 2011). The results show that the tree
of life faces a homogenisation across the continent
as a result of a reduction in phylogenetic diversity in
southern Europe (where immigration from northern
Africa was not considered) and gains in high latitudes
and altitudes. The limited dispersal ability of many
reptiles, amphibians and butterflies, combined with
the fragmentation of habitats, is very likely to reduce
and isolate the ranges of many of those species (Araújo
et al., 2006; Hickling et al., 2006; Settele et al., 2008).
A study on the effects of projected climate change on
181 terrestrial mammals in the Mediterranean region
projected average declines in species' ranges between
11 and 45 %, depending on the climate scenario and
assumptions regarding dispersal (Maiorano et al.,
2011). Under a scenario of 3 °C warming above
pre‑industrial levels by 2100, the ranges of European
breeding birds are projected to shift by about 550 km
to the north-east, whereby average range size would
be reduced by 20 %. Arctic, sub-Arctic and some Iberian
species are projected to suffer the greatest range
losses (Huntley et al., 2008).
A comprehensive assessment simulated the current
climatic niche and future climatically suitable
conditions for almost all European bumblebee species
based on over one million records from the STEP
project (63) and three climate change scenarios for

the years 2050 and 2100 (see Map 4.16). The number
of species on the verge of extinction by 2100 ranges
from three (5 % of assessed species) under the lowest
climate scenario to 25 (45 % of species) under the
highest scenario; under the highest scenario, 53 out of
56 assessed species (95 %) would lose the main part
of their suitable habitat (Rasmont et al., 2015). The
risk of exposure to extreme climates was investigated
using four global circulation model outputs and
three emissions scenarios. In total, 1 149 species
were simulated (104 amphibians, 248 reptiles,
288 mammals and 509 breeding birds). The results
showed that the main hotspots of biodiversity for
terrestrial vertebrates may be significantly influenced
by climate change, with a regional hotspot in the
Mediterranean (Maiorano et al., 2013).
In the Arctic and sub-Arctic, warmer and wetter future
conditions allow a considerable number of mammals,
reptiles, amphibians and birds to expand their
distribution range. However, various species (especially
habitat specialists) are expected to contract their range
over time. Furthermore, a number of new species
are predicted to be able to invade the region, altering
community composition and biotic interactions in ways
difficult to anticipate (Hof et al., 2012).
As the climatic conditions of some locations in
Europe change, they may become more favourable
to the establishment and survival of alien species,
making native species, communities and ecosystems
more vulnerable (see Box 4.7) (EC, 2014a). On the
other hand, climate change may also offer some
opportunities to control alien species that are
predicted to suffer from climate change. Whereas
some components of global change, such as rising CO2,
usually promote invasion, other components, such as
changing temperature and precipitation, can help or
hinder plant invasion. Therefore, in some cases climate
change can offer unprecedented opportunities for
restoration of species distribution.

(63) For more information on the Status and Trends of European Pollinators (STEP) project, see http://www.step-project.net.
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Map 4.16
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The map shows the projected change in the climatically suitable area for the bumblebee Bombus terrestris (the largest and one of
the most numerous bumblebee species in Europe) for two time horizons and under the combined climate–land use scenarios SEDG
(Sustainable European Development Goal, based on SRES B1) and GRAS (Growth Applied Strategy, based on SRES A2).

Source:

Adapted from Rasmont et al., 2015.
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Box 4.7

Alien species and climate change: new establishments and new ranges?

It is difficult to predict how global environmental changes such as climate change and biological invasions will affect ecological
systems. Because alien species are mostly opportunistic and generalists, they tend to perform better under a rapidly changing
climate than native species (Hellmann et al., 2008). There is growing concern that invasive alien species may benefit from
climate change and further deterioration in the environment, allowing them to increasingly compete (i.e. increase their
establishment and reproduction rates and their niche breadth) with native species to the latter's disadvantage (Walther
et al., 2009; EEA, 2010; Kleinbauer et al., 2010a; EC, 2014a). Invasive alien species may affect and reduce native biodiversity in
various ways, such as through competition for food and space, predation, disease transfer, and changing habitat structure
and functions. They have negative consequences for their new environment and significant adverse impacts on the goods
and services provided by ecosystems, on the economy and on human health (Millennium Ecosystem Assessment, 2005; Vilà
et al., 2010, 2011; Blackburn et al., 2014; Rabitsch et al., 2016). In response to these increasing pressures, the European Union
has recently adopted a dedicated legislation on invasive alien species (IAS), which aims to reduce the future impacts of alien
species (EU, 2014).
According to the DAISIE (64) project, there are more than 12 000 non-native species in Europe. An estimated 1 200–1 800 of
them are invasive, and this figure is predicted to rise with the growth in global trade and travel (EC, 2014a). Some recent trends
in alien species introductions to Europe are shown in Figure 4.17. The positive trend in the establishment of new species
indicates that the problem is far from under control, with impacts on biodiversity expected to increase because of the growing
number of species involved, and an increasing vulnerability of ecosystems to invasions, which results from other pressures
such as habitat loss, degradation, fragmentation, overexploitation and climate change. The situation is particularly worrying in
marine and island ecosystems (EEA, 2010).
According to the most recent global analysis of the Red List (IUCN, 2012), IAS constitute a severe threat to various taxonomic
groups of plants and animals. The Red List Index allows the impacts of alien species on the conservation status of native
species to be quantified and indicates the rates at which affected species are moving towards or away from extinction.
Amphibians are known to be particularly affected by IAS and their associated pathogens and diseases. A recent analysis
regarded IAS as a threat to 8 out of the 11 species of amphibians whose Red List status deteriorated between 2004 and 2009
(Rabitsch et al., 2016).
Horticulture and ornamental plant trade are by far the most important pathways of plant introductions to Europe (Keller
et al., 2011). According to the data from EASIN (65), stowaway (introductions through shipping, aviation and land transport)
is the main pathway for introductions of both terrestrial and aquatic alien species (Katsanevakis et al., 2015). It is difficult to
identify and quantify the role of climate change in species invasions. However, a recent modelling study on '100 of the world's
worst invasive alien species' indicates that, besides habitat characteristics and socio-economic variables such as the distance
to airports, seaports and human population density, climate variables were the main predictors of the distribution of the
studied invasive species (Bellard et al., 2013). Climate change mitigation and adaptation measures may also contribute to the
introduction of new species, for example through cultivation of energy plants and increasing use of dry-adapted species in
forestry (IUCN, 2009).
It is important to note that, while improved border control regulations at Europe's external borders might limit new invasions,
many alien species are already in Europe. Many of these species are currently limited by various environmental factors, but
they might become invasive at some point in the future and no control measures are currently in place to limit invasions from
such species.
An increasing number of warm-adapted alien plant species have recently become established in central Europe, such as
palms, cacti and evergreen tree species (Berger et al., 2007; Walther et al., 2007; Essl and Kobler, 2009). One example is the
windmill palm (Trachycarpus fortunei), which was introduced more than a century ago, but became established in the wild only
recently after the average winter temperature increased and the severity of cold spells decreased (Berger et al., 2007). Alien
plant species have also increased their range by moving uphill (Pauchard et al., 2009). Most alien plant species originate from
warmer regions and will therefore benefit from the projected climate change in Europe (Walther et al., 2009; Schweiger et al.,
2010; Hulme, 2012). For example, future climate will become more suitable for 30 major invasive alien plant species in large
parts of Austria and Germany under different climate change scenarios (Kleinbauer et al., 2010b).

(64) Delivering Alien Invasive Species Inventories for Europe (DAISIE) is a research project funded by the European Commission through the Sixth
Framework Programme, and by the Centre for Ecology and Hydrology (CEH); see http://www.europe-aliens.org.
(65) The European Alien Species Information Network (EASIN) was launched in 2012 by the European Commission to facilitate the exploration
of information on existing alien species and to assist the implementation of European policies on biological invasions; see http://easin.jrc.
ec.europa.eu.
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Box 4.7

Alien species and climate change: new establishments and new ranges? (cont.)

The red-eared slider turtle (Trachemys scripta elegans) is native to eastern North America and was introduced to Europe
as a pet in the 1960s (ISSG, 2011). In Europe, it can currently only reproduce in the Mediterranean, but this range is
projected to shift further northwards with climate change (Ficetola et al., 2009). The spread of alien animal species into
new regions is favoured by the impact of climate change on ecosystems and landscapes (e.g. rapid climatically driven
change in ecosystem composition), by a weakening resistance of native species to alien predators and parasites, and
by decreasing climatic constraints on warm-adapted alien species (e.g. research findings suggest that the pumpkinseed
(Lepomis gibbosus), a freshwater fish, will become more invasive under warmer climatic conditions) (Copp and Fox, 2007).
Indicators of alien species can provide vital information on the trends of biological invasions and on the efficacy of
response measures put in place for use in biodiversity policy. Based on the current policy needs and previous work on
the global scale, a recently published paper has suggested a set of six indicators for invasive species in Europe, which
capture complementary facets of biological invasions in Europe: (1) a combined index of invasion trends, (2) an indicator
on pathways of invasions, (3) the Red List Index of IAS, (4) an indicator of the impacts of IAS on ecosystem services,
(5) trends in the incidence of livestock diseases and (6) an indicator on the costs for management of and research on
alien species (Rabitsch et al., 2016).

Figure 4.17

Trends and temporal variation of the importance of the main pathways of introduction in Europe
of terrestrial and aquatic alien species
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Adapted from Katsanevakis et al., 2015.
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4.4.5 Forest composition and distribution

Key messages
• Range shifts in forest tree species due to climate change have been observed towards higher altitudes and latitudes.
These changes considerably affect the forest structure and the functioning of forest ecosystems and their services.
• Future climate change and increasing CO2 concentrations are expected to affect site suitability, productivity, species
composition and biodiversity. In general, forest growth is projected to increase in northern Europe and to decrease in
southern Europe, but with substantial regional variation. Cold-adapted coniferous tree species are projected to lose large
fractions of their ranges to more drought-adapted broadleaf species.
• The projected changes will have an impact on the goods and services that forests provide. For example, the value of forest
land in Europe is projected to decrease between 14 and 50 % during the 21st century.

Relevance
Forests and other wooded land cover approximately
182 million ha (1.82 million km2) in the EU-28 region;
this area has increased by more than 4 million ha in
the last 15 years (UNECE and FAO, 2015). Forests and
woodlands are key providers of timber, wood fuel and
energy, water, food, medicines, recreation and other
ecosystem services. Forests are habitats for a large
fraction of biological diversity. The pervasive influence
of climate on forests is obvious. Climate affects the
composition, structure, growth, health and dynamics
of forest ecosystems. At the same time, forests also
influence local, regional and even global climate through
carbon removal from the atmosphere, absorption or
reflection of solar radiation (albedo), cooling through
evapotranspiration, and the production of cloud-forming
aerosols (Arneth et al., 2010; Pan et al., 2011; Pielke et al.,
2011). Changes in temperature and the availability of
water will affect the relative health and productivity of
different species in complex ways, thereby influencing
the range of most species and forest composition.
These shifts may have severe ecological and economic
consequences (Hanewinkel et al., 2012). Generally,
European forests have been becoming older and they
have been close to carbon saturation point (Nabuurs
et al., 2013). More information on the state and trends of
European forest ecosystems can be found in EEA (2016).
Short- and long-term managing strategies are needed
to mitigate and adapt to the impacts of climate change
on European forests and forestry. Strategies should
focus on enhancing forest ecosystems' resistance
and resilience, and on addressing potential limits to
carbon accumulation (Kolström et al., 2011; EC, 2013a).
Maintaining and restoring biodiversity in forests
promotes their resilience and therefore can buffer
climate change impacts (Thompson et al., 2009). Specific
strategies may include planting species that are better
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adapted to warm conditions and more resistant to
pests and diseases, landscape planning and forest
management oriented towards decreasing fuel loads in
fire-prone areas, the promotion of carbon storage, the
consideration of renewable energy and the introduction
of payments for services from forests (Fares et al.,
2015). Nevertheless, introduced alien species may
have negative effects on the native flora, e.g. through
competition with native species or by modifying the
physical condition of the sites (Kjær et al., 2014).
Past trends
Trees are slow-migrating species. Range expansion
occurs primarily into newly suitable habitats at their
(generally northern) latitudinal or (upper) altitudinal limit.
Range contraction occurs primarily at the rear edge,
which is often the most southern or the lowest lying
part of their distribution range. These areas can become
unsuitable for tree species as a result of direct effects
(e.g. drought) or indirect effects (e.g. drought‑induced
pests or diseases) of climate change. In France, the
altitudinal distribution of 171 forest plant species along
the elevation range 0–2 600 m was studied using a
101-year data record starting in 1905. Climate warming
has resulted in a significant upwards shift in species
optimum elevation averaging 29 m per decade, but
with a wide range from + 238 to – 171 m per decade
(Lenoir et al., 2008). Land-use changes are the most likely
explanation of the observed significant downwards shifts
in some regions (Lenoir et al., 2010). In the Montseny
mountain range in north-east Spain, the altitude range
of beech extended by about 70 m upwards according to
different data sources from the 1940s to 2001 (Penuelas
and Boada, 2003). A study comparing data from the
1990s with data from the 2000s in the Spanish Pyrenees
and the Iberian Peninsula found an average optimum
elevation shift of 31 m upwards per decade for five
tree species, ranging between − 34 and + 181 m per
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decade (Urli et al., 2014). Nevertheless, not all studies
found clear climate signals, partly because tree species
can experience time lags in their migration response to
climate change (Rabasa et al., 2013; Renwick and Rocca,
2015).
In addition to range shifts, changes in forest composition
have been observed in the past. In a Swedish
spruce‑beech forest, a long-term study covering the
period since 1894 showed that spruce has been losing
its competitive advantage over beech since 1960 (Bolte
et al., 2010). In north-east Spain, beech forests and
heather heathlands have been replaced by holm oak
forest at medium altitudes (800–1 400 m), mainly as
a result of the combination of warming temperatures
and land‑use change (Penuelas and Boada, 2003).
Field‑based observations from a forest inventory
providing presence and absence information from 1880
to 2010 for a Mediterranean holm oak species (Quercus
ilex) have been used to investigate the migration speed
in the past. In four studied forests in France along the
Atlantic coast, Quercus ilex has colonised a substantial
amount of new space, but the northwards movement
occurred at an unexpected low maximum rate of 22 to
57 m/year across the four forests (Delzon et al., 2013).
Extreme climate and weather events such as droughts
can have negative effects on food webs and regional
tree dieback For the Iberian Peninsula, the defoliation
of trees due to a water deficit rose significantly
between 1987 and 2007 in all 16 examined tree species.
Defoliation doubled on average, and this trend was
paralleled by significant increases in tree mortality
rates in drier areas (Carnicer et al., 2011). Furthermore,
droughts can lead to secondary impacts on forests
through pests and pathogens (Jactel et al., 2012).
Projections
Climate change is expected to strongly affect the
biological and economic viability of different tree species
in Europe, as well as competition between tree species.
A study in Finland showed that climate change may lead
to a local reduction of forest growth but total forest
growth nationwide may increase by 44 % during the
21st century (Kellomäki et al., 2008). Observations and
simulations of tree mitigation rates suggest that only
fast-growing, early successional tree species will be able
to track climate change (Delzon et al., 2013; Fitzgerald
and Lindner, 2013). Recent studies that simulated
forest composition and range shifts in Europe and at
the global level using different climate and land-use
scenarios suggest upwards shifts in the tree line and

northwards migration of boreal forests (Lindner et al.,
2014; Betts et al., 2015). Broadleaf tree cover in Europe
is projected to increase during the 21st century under
all climate scenarios, whereas needleleaf tree cover
decreases, despite a northward extension in northern
Europe (Map 4.17).
A large-scale integrated project on adaptive forest
management (MOTIVE) (66) applied an array of models
(empirical as well as hybrid and process-based) in
the analysis of the impacts of climate change on
38 European tree species. The results show that more
drought-tolerant species such as sessile oak (Quercus
petraea), pubescent oak (Quercus pubescens) and Scots
pine (Pinus sylvestris) can be expected to become more
abundant at lower altitudes throughout Europe, while
other species such as beech (Fagus sylvatica), sycamore
maple (Acer pseudoplatanus), lime (Tilia), elm (Ulmus) or
silver fir (Abies alba) are likely to see further reductions in
their ranges. Species from (sub-)Mediterranean regions
such as holm oak (Quercus ilex), hop hornbeam (Ostrya
carpinifolia) and cork oak (Quercus suber) are expected
to extend their ranges to the north. Different pine
species are also expected to extend their ranges quite
considerably. Some species, such as Scots pine (Pinus
sylvestris), might face indirect threats from insects and
other pest outbreaks, rather than direct threats from
climate change alone. In summary, the projected range
shifts will affect the forest structure quite considerably.
Such changes will also affect the functioning of forest
ecosystems and the services these ecosystems could
provide (Fitzgerald and Lindner, 2013).
Another modelling study assessed the impacts of
projected climate change on forest composition across
Europe and the economic consequences in terms of
annual productivity and land value (Hanewinkel et al.,
2012). It projected that the major commercial tree
species in Europe, Norway spruce, will shifts northwards
and to higher altitudes. It will lose large parts of its
present range in central, eastern and western Europe
under all scenarios (SRES A1B, A1FI and B2). Depending
on the emissions scenario and climate model, between
21 and 60 % (mean: 34 %) of European forest lands
were projected to be suitable only for a forest type of
Mediterranean oak, with low economic returns by 2100,
compared with 11 % in the baseline period 1961–1990.
As a result of the decline of economically valuable
species, the value of forest land in Europe is projected
to decrease between 14 and 50 % (mean: 28 % for an
interest rate of 2 %) by 2100. The economic loss in land
estimation value is estimated at several hundred billion
euros.

(66) MOTIVE: 'Models for Adaptive Forest Management'; see http://motive-project.net.
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Map 4.17

Projected change in climatic suitability for broadleaf and needleleaf trees
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(brown) in numbers by 2100. The results represent ensemble species distribution modelling simulations, using climate projections from
six RCMs under the A1B scenario.

Source:

Adapted from Lindner et al., 2014.
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4.4.6 Forest fires

Key messages
• Fire risk depends on many factors, including climatic conditions, vegetation, forest management practices and other
socio-economic factors.
• The number of forest fires in the Mediterranean region increased from 1980 to 2000; it has decreased thereafter. The
burnt area shows a decreasing trend over the period 1980–2013, but with strong interannual variability.
• In a warmer climate, more severe fire weather and, as a consequence, an expansion of the fire-prone area and longer fire
seasons are projected across Europe. The impact of fire events is particularly strong in southern Europe.

Relevance
Forest fires are an integral part of forest ecosystem
dynamics in many ecosystems, as they are an essential
element of forest renewal. They help control insect
and disease damage and eliminate litter that has
accumulated on forest floors. At the same time,
forest fires are a significant disturbance agent in
many forested landscapes. Fire risk depends on many
factors such as weather, vegetation (e.g. fuel load and
condition), topography, forest management practices
and socio-economic context, to mention the main ones.
The extreme fire episodes and devastating fire seasons
of recent years in Europe were, in most cases, driven
by severe fire weather conditions. Although most of
the wild fires in Europe are ignited by humans (either
accidently or intentionally), it is widely recognised that
weather conditions and the accumulation of fuel play
dominant roles in affecting the changes in fire risk over
time (Camia and Amatulli, 2009). Thus, climate change
is expected to have a strong impact on forest fire
regimes in Europe.
Past trends
The number and extent of forest fires vary considerably
from one year to the next, depending on the seasonal
meteorological conditions. Some multi‑annual periodicity
in the burned area trend can also be partially attributed
to the dead biomass burning/accumulation cycle
typical of the fire-prone regions. The historical trend of
the number of fires is difficult to analyse because fire
frequency is strongly affected by the significant changes
that occurred in past years in the statistical reporting
systems of the countries.
Historical fire series are available in Europe and are
regularly updated within the European Forest Fire

Information System (EFFIS) (67). Data availability in
EFFIS is not the same for all countries, and time series
longer than 25 years are available for only a few
countries. Figure 4.18 shows that the reported fire
frequency in the five southern European countries for
which long time series are available increased during
the 1990s, then stabilised for around one decade, and
slightly decreased during recent years. The burnt area
shows a decreasing trend over the period 1980–2013,
but with strong interannual variability. Note that these
values cannot be compared across countries because
of large differences across countries in the total area
and the area at risk.
In 2014, a large forest fire severely damaged more
than 15 000 ha of forest land in Västmanland County,
Sweden (EC, 2014b). Forest fires are also affecting
new areas. For example, in 2007, wildfires moved to
previously non-fire-prone ecosystems in southern
Greece (Koutsias et al., 2012).
Past trends of fire danger have also been analysed
by processing series of meteorological fire danger
indices, which are routinely used to rate the fire
potential owing to weather conditions. The Canadian
Fire Weather Index (FWI) is used in EFFIS to rate the
daily fire danger conditions in Europe (Van Wagner,
1987). Daily severity values can be averaged over the
fire season obtaining a Seasonal Severity Rating (SSR)
index. The index is dimensionless and allows objective
comparison of fire danger from year to year and
from region to region; SSR values above six may be
considered in the extreme range.
Map 4.18 shows the current state, past trend and
projections for forest fire danger based on annual
SSR values, which have been computed using daily
weather data including air temperature, relative

(67) http://forest.jrc.ec.europa.eu/effis.
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humidity, wind and precipitation from the European
Centre for Medium-Range Weather Forecasts
(ECMWF). Other driving factors of fire regimes, such
as land-use changes or fuel dynamics, are not taken
into account by the SSR. The upper left map shows
the average SSR values during the period 1981–2010;
the lower left map shows the linear trends over this
period, which indicate that there has been a significant
increase in forest fire danger in several regions in
Europe.

Map 4.18 also includes fire danger projections for
projected climate conditions in 2071–2100 (upper
right map: projected state; lower right map: projected
change). The results suggest that climate change
would lead to a marked increase of fire potential in
south‑eastern and south-western Europe; in relative
terms, the increase in SSR would be particularly strong
in western-central Europe (Khabarov et al., 2014).
Similar results were obtained for other forest fire
indices, such as the FWI (Bedia et al., 2013).

Projections

The PESETA II study (68) has estimated that the burnt
area in southern Europe would more than double
during the 21st century for a reference climate scenario
and increase by nearly 50 % for a 2 °C scenario
(Ciscar et al., 2014). Another study has estimated a
potential increase in burnt areas in Europe by about
200 % during the 21st century under a high emissions
scenario (SRES A2) assuming no adaptation. The forest
fire risk could be substantially reduced by additional
adaptation measures, such as prescribed burning, fire
breaks and behavioural changes (Khabarov et al., 2014).

Climate change projections suggest substantial
warming and increases in the number of droughts,
heat waves and dry spells across most of the
Mediterranean area and more generally in southern
Europe (see Sections 3.2.3 and 4.3.4). These projected
changes would increase the length and severity of
the fire season, the area at risk and the probability
of large fires, possibly enhancing desertification
(Moreno, 2014).

Figure 4.18

Number of forest fires and burnt area in five southern European countries
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Source:

Adapted from San-Miguel-Ayanz et al., 2013 and Schmuck et al., 2015.

(68) Projection of Economic impacts of climate change in Sectors of the European Union based on bottom-up Analysis, see https://ec.europa.eu/jrc/
en/peseta.
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Map 4.18

Current state, past trend and projections for forest fire danger
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4.4.7 Forest pests and diseases

Key messages
• The incidence of forest insect pests, which represent a serious threat to forests, has increased across Europe.
• Climate change will have a major influence on the spatial and temporal distribution of forest insect pests in Europe, with
increased risks projected in most regions.

Relevance
Forest insect and pathogen species are currently
expanding their geographical ranges, in many cases
owing to introductions facilitated by international
trade. Several invasive alien species have damaging
impacts on agricultural, forest and natural resources.
Populations of forest insect pests can be influenced by
climate change, as it leads to a longer growing season,
variations in precipitation patterns, modifications
in food availability, and qualitative and quantitative
changes in their predator and parasite populations
(Netherer and Schopf, 2010). There is evidence that
these changes affect the distribution and relative
abundance of pest species in forest ecosystems, thus
changing the frequency of pest outbreaks (Marini
et al., 2012; Spathelf et al., 2014; Barredo et al., 2015).
In Europe, higher temperatures are likely to promote
distributional shifts of forest insect pests towards
northern latitudes and higher elevations.
In the southern Mediterranean region and in some
continental zones, warmer temperatures and the
increased frequency of droughts are likely to affect
heat-sensitive insects, resulting in a northwards and
upwards shift of their geographic range. Heat‑tolerant
species, on the other hand, such as the pine
processionary moth (Thaumetopoea pityocampa) or the
oak processionary moth (Thaumetopoea processionea),
will probably benefit from warmer conditions and
hence expand their geographical range beyond the
Mediterranean region and expand into previously
unaffected areas. However, temperature increase
and drought could shrink the southern range of these
species, resulting in some cases in range contraction
(Netherer and Schopf, 2010; Battisti et al., 2014).
Past trends
Disturbances such as drought, windthrow, fires, and
attacks by insect pests and pathogens of trees are
naturally occurring in forests. Nevertheless, despite
many uncertainties, there is consensus on an increased
incidence of pests and diseases in European forests
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(Marcais and Desprez-Loustau, 2007; Moore and Allard,
2008) and on shifts in the spatial and temporal range
of insects as a result of climatic change (Netherer and
Schopf, 2010; Bebber et al., 2014; Seidl et al., 2014).
In addition, some species of fungi and pests benefit
from milder winter temperatures in temperate forests,
facilitating the spread of pests formerly controlled by
frost sensitivity (Settele et al., 2014), while other species
spread during drought periods to northern latitudes
(Drenkhan et al., 2006; Hanso and Drenkhan, 2007).
A review study concluded that several changes have
already been observed in the occurrence of forest pests
in Europe (Netherer and Schopf, 2010). The European
spruce bark beetle (Ips typographus) has been reacting
to warmer and drier spring and summer periods in
recent decades by having a shorter development
period, which enables multiple generations (Baier et al.,
2007). The spread of insect outbreak zones has been
observed in those regions with the greatest warming in
boreal forests (Malmström and Raffa, 2000; Volney and
Fleming, 2000). In temperate continental forests, tree
defoliation by the gypsy moth (Lymantria dispar dispar)
and the incidence of other insect pests are among the
factors responsible for oak decline in central Europe
(Balci and Halmschlager, 2003). In addition, altitudinal
shifts of the moth have been observed in Slovakia
(Hlásny and Turčáni, 2009). In the Mediterranean
region, altitudinal range expansion of the pine
processionary moth (Thaumetopoea pityocampa) has
also been observed in mountain regions of the Sierra
Nevada in the United States and the Sierra de Baza in
Spain (Hódar et al., 2003) and in mountainous regions
of Italy (Battisti, 2008; Petrucco-Toffolo and Battisti,
2008). In Britain, Dothistroma needle blight has spread
rapidly since about 1995 (Forestry Commission, 2012).
Climate change has driven range shifts in tree species
and increased drought effects resulting in forest
dieback (Allen et al., 2010). In addition, forests are
increasingly coping with human-related stressors
that affect forest condition, either directly through
logging and clearing or indirectly through air pollution
and introduction of invasive species (Trumbore et al.,
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Projections

insect pest distribution data, bioclimatic variables
and host tree species maps illustrating the potential
effects of climate change in the habitat distribution of
two exemplar forest insect pests in Europe (Barredo
et al., 2015). The results suggest that the suitable
habitat of the large pine weevil (Hylobius abietis) will
probably decrease by more than 20 % by the end of
the century under the SRES A1B scenario, compared
with the present situation (darker areas in Map 4.19A).
The results indicate a shift in the distribution of
suitable habitat for Hylobius abietis towards northern
regions and regions at higher elevations (Map 4.19B
and Map 4.19C). Results for another insect pest,
the horse‑chestnut leaf miner (Cameraria ohridella),
project that there will be an increase in the total
potential suitable habitat of more than 40 % resulting
from a shift in the potential suitable habitat towards
northern regions and higher elevations (Map 4.19E and
Map 4.19F). The driver of the potential habitat maps
shown in Map 4.19 is climate data. Note that other
factors such as the presence of host tree species or
land cover are not considered in these maps. Similar
results were found by other studies for Europe and the
United States (Netherer and Schopf, 2010; Evangelista
et al., 2011).

Climate change can affect the distribution of insect
pests by expanding or contracting their habitat range
and by shifting it to regions beyond their current
climatic range. This suggests that forest areas that are
currently not vulnerable to a certain insect pest may
become vulnerable under the future climate and vice
versa. Species distribution modelling has been applied
in several studies to assess the future vulnerability
of forests to insect pests. One study has integrated

Actions intended to mitigate the effect of forest
pests should be targeted at specific pests and should
consider the full range of environmental factors driving
insect pest phenology and distribution. Forest mortality
could be reduced by selecting tree species that are
better adapted to relatively warm environmental
conditions (Resco de Dios et al., 2006) or that are more
resistant to damage by pests and diseases in pure
stands (Jactel et al., 2012).

2015). These processes, in combination with changes
in climatic parameters, could facilitate propagation and
increase the number of forest insects and pathogens.
However, the interaction between different impact
factors, biotic and abiotic, is only partly understood.
What is known is that changing environmental
conditions will produce ambiguous consequences
regarding forest pests, involving positive, indifferent
and negative responses (Netherer and Schopf, 2010).
Dramatic changes have been observed over time in
the sources of forest pathogens that have become
established across Europe (Santini et al., 2013). The
earliest known establishments of pathogen species
were largely a result of intra-European spread. With
increased trade activities, species from North America
and, later, Asia became more important and even the
dominant sources of pathogens. Historical evidence
indicates that the import of live plants has facilitated
the majority of forest insect and pathogen invasions.
There is a strong trend of increasing trade in live plants,
which could further facilitate the proliferation of forest
insects and diseases (Liebhold et al., 2012).
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Map 4.19

Projected changes in habitat suitability for two major forest pests
A

Hylobius abietis
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Hylobius abietis

Present climate
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Cameraria ohridella
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Cameraria ohridella

Present climate
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Cameraria ohridella

F
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Likelihood value

0

01

.1 .2
.3
.4 .5
.6 .7 .9
–0 –0 –0 –0 –0 –0 –0 –0
0.
0.
0– 1– .05 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
0
0.

182

05

500 1 000 1 500 km

de
si ge
ut era
O v
co

Note:

Habitat suitability maps of Hylobius abietis (large pine weevil) and Cameraria ohridella (horse-chestnut leaf miner) resulting from the
Maxent model. A darker colour represents a higher probability of suitable habitat. (A) and (D) show habitat suitability maps of the
present climate. (B) and (E) show projected (2080s) habitat suitability maps according to the Max Planck Institute (MPI) ECHAM5. (C) and
(F) show projected (2080s) habitat suitability maps according to the Canadian Centre for Climate Modeling and Analysis (CCCMA) Coupled
General Circulation Model version 3 (CGCM3).

Source:

Adapted from Barredo et al., 2015.
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4.5

Ecosystems and their services

Key messages
• Climate change significantly affects ecosystems, their biodiversity and consequently their capacity to provide services for
human well-being; it may have already triggered shifts in ecological regimes from one state to another.
• Climate change is increasingly exacerbating the impact of other human stressors, especially in natural and semi-natural
ecosystems.
• There is still limited knowledge about the combined effects of climate change and other pressures on ecosystems and
their capacity to provide services, but the knowledge base is improving.
• The relative importance of climate change compared with other pressures depends on the environmental sector
(terrestrial, freshwater, marine) and geographical region. Europe's marine and alpine ecosystems are assessed as being
most sensitive to climate change.

4.5.1 Ecosystem services under pressure
Human well-being depends on the good condition of
the planet's environmental systems, which provide vital
goods and services such as food, clean water, clean air
and physical, intellectual and cultural interaction with
nature. These environmental systems are based on
numerous regulating and maintaining services requiring
clean and productive seas, fertile soils, a supply of
good-quality fresh water, pollination of fruits and crops,
natural flood protection and/or climate regulation.
However, the ecosystems, habitats and species that
provide these services are seriously under pressure
and are being lost or degraded by human activity
(EEA, 2015b, 2016a; Newbold et al., 2015).
The capacity of ecosystems to deliver ecosystem
services for human well-being depends on the condition
of ecosystems, i.e. the quality of their structure and
functionality. There is growing understanding of the
importance of biodiversity in ecosystem functioning and
service delivery, which represents our natural capital
(Harrison et al., 2014). Consequently, biodiversity is an
important element in ecosystem and ecosystem service
assessment, and this activity is implemented as part of
the EU Biodiversity Strategy to 2020.
The European assessment of ecosystem conditions
for the implementation of the EU Biodiversity Strategy
to 2020 considers five major pressures, as identified
in the Millennium Ecosystem Assessment (Millennium
Ecosystem Assessment, 2005; EEA, 2016a). As illustrated
in Figure 4.19, these pressures are:

1. habitat change, including all structural changes, such
as land and sea take, urbanisation, urban sprawl,
fragmentation and land abandonment;
2. climate change, including changes in mean
climate and extreme events (mainly temperature,
precipitation, humidity), as well as atmospheric CO2
concentration;
3. invasive alien species dispersal;
4. exploitation and management, including landuse intensification, unsustainable agriculture
and forestry, natural resource consumption and
technological adaptation;
5. pollution and nutrient enrichment, including
atmospheric deposition, fertiliser and pesticide use,
irrigation, and acidification of soil, freshwater bodies
and seas.
In addition, the capacity of ecosystems to deliver
services and their biodiversity depend on the
'natural conditions' (e.g. current climate) and site
conditions (e.g. pH, nutrient content of soil and water,
land elevation, bathymetry, slope, etc.), which are
considered constant within the time horizon of years
to decades. The concept of ecosystem services has
recently been applied to suggest priority areas for
green infrastructure development in Europe (Liquete
et al., 2015). Several EU research projects focus on
operationalising ecosystem services and putting the
concept into practical use (69).

(69) OPERAs (http://www.operas-project.eu/) and OpenNESS (http://www.openness-project.eu).
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In addition to the direct effects of pressures on
ecosystem structure and functioning, and the
subsequent changes in capacity to deliver services,
there are also more complex impacts, including effects
on species interactions and cross-habitat linkages
(e.g. between aquatic and riparian ecosystems).
More information on the drivers of ecosystem change is
available in a recent review of 27 global and European
scenarios (Hauck et al., 2015). As a result of the
interaction between various anthropogenic pressures,
global species extinction rates (for mammals) in the
last century have been between 8 and 100 times higher
than the natural background rate (Ceballos et al., 2015).
The term 'sixth mass extinction' is frequently used to
describe this extinction crisis. These biodiversity losses
affect many ecosystem services, including cultural and
provisioning ecosystem services (Harrison et al., 2015).

4.5.2 Ecosystem service assessment
The Drivers–Pressures–State–Impacts–Response
(DPSIR) approach (Figure 4.19) provides a conceptual

Figure 4.19

framework for structuring the components of the
assessment of ecosystem condition and its biodiversity.
Human activities such as agriculture, forestry or water
management are drivers that are inducing pressures
on ecosystems, affecting their condition. These have
an impact on species richness and abundance, water
quality and other functions and, if undesired, these
effects may trigger (policy) responses, with actions
taken to tackle negative effects. The DPSIR approach
can be applied to assess the effects of environmental
changes on ecosystem services (Rounsevell et al., 2010).
The assessment of impacts of multiple pressures on
ecosystem condition calls for a better understanding of
the relative importance of the different pressures and
their interactions (Harrison et al., 2015; EEA, 2016a).
Only a few studies have addressed the combined
effects of multiple pressures, such as climate change,
land use and population change (e.g. CLIMSAVE;
Dunford et al., 2015). The relative importance of climate
change for service provision will become ever greater
in the future in comparison with the current main
pressures, such as nutrient and pollution load or land
and sea management, especially if these pressures

The DPSIR framework for European ecosystem assessment

Drivers
Population,
economic growth,
technology...

Response
Policy measures to
reduce impacts
(protection,
pollution reduction,
land management...)

Impacts
Change in ecosystem
state (habitat loss or
degradation,
change in species
abundance...)

Source:
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Pressures
Habitat change,
climate change,
over-exploitation,
invasive species,
pollution

State/condition
Habitat quality,
species abundance
and diversity,
water quality etc.

EEA, 2016a.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Climate change impacts on environmental systems

remain constant or even are reduced, as is the case
for atmospheric acidification and nitrogen loads
(EEA, 2015a). The impacts comprise all dimensions of
climate change, including rising temperature, changes
in precipitation and changes in extreme events such as
droughts, floods, storms and fires.
This report clearly shows that the impacts of climate
change vary depending on the geographical region
and on the different components of the Earth system.
Many impacts have been reported for terrestrial
and freshwater ecosystems, and knowledge about
marine systems is rapidly growing. However, even
if the impacts of climatic changes have become
increasingly visible, other pressures are often as
important as or even more important than climate
change. It should be noted that the current knowledge
about the impacts of climate change has not yet been
fully integrated into ecosystem service assessments
(EEA, 2015b).
Recently, the Group on Earth Observations Biodiversity
Observation Network (GEO BON) developed an
operational system to monitor nine ecosystem
services at global and national levels (Karp et al., 2015).
However, there is still considerable uncertainty in
assessing the provision of some ecosystem services
across Europe (Schulp et al., 2014). An overview
of the state of ecosystem and ecosystem service
assessments and their links to other methods, such
as environmental accounting, has recently become
available (Potschin et al., 2016).

4.5.3 Climate change impacts on ecosystem services
Terrestrial ecosystems that are managed less
intensively, as well as Alpine, northern-latitude and
Mediterranean areas, seem to be more affected
by climate change than ecosystems that are
intensively used and already affected by high loads
of nutrients and pesticides (EEA, 2012). A changing
climate in combination with land-cover change can
trigger the dispersal of pests, diseases and invasive
species (Bellard et al., 2013). There is also growing
understanding of how extreme events affect the
biosphere and ecosystem functioning (Bahn et al.,
2014).
Freshwater ecosystems seem to be mostly affected
by heat waves and droughts and, in some cases,
by decreasing ice cover in winter. The availability of
operational data for water quantity and water use
(EEA, 2016b) will provide further insight into the
interaction between climate and water balance. The
indicator on soil moisture (see Section 4.4.2) projects
that there will be increasing summer droughts for large

parts of Europe, which affect river and groundwater
recharge and subsequent water availability.
Marine ecosystems are generally sensitive to
temperature changes and show more significant shifts
in ecosystem condition and biodiversity than terrestrial
ecosystems (Burrows et al., 2014; EEA, 2015c). These
changes have further impacts on service provision,
e.g. because of changes in the breeding behaviour of
commercial fish and moving fish stocks (MCCIP, 2013).
A wide range of indicators describing the impacts of
climate change on ecosystems have been developed,
as illustrated in this report. This approach focuses
on natural entities that are highly sensitive (such as
protected natural areas or fire-prone forests), as well
as relatively stable entities (such as soils) that underpin
animal and plant ecosystems but have only limited
capacities to adapt.
There is an increasing amount of systematic
analysis being undertaken of the interlinkages
between ecosystem functioning and ecosystem
services, as well as of the role of biodiversity in
ecosystem service delivery (Harrison et al., 2014).
Increasing levels of knowledge about pressures
and their effects on ecosystem condition allow the
conceptual understanding of these interlinkages
to be implemented in environmental assessments
(EEA, 2016a). The constantly growing importance
of the increased pressure climate change exerts on
ecosystems and biodiversity is summarised in this
report. Climate change affects all aspects of ecosystem
functioning and service supply (see, for example,
Nelson et al., 2013). The impacts of climate change are
not exclusively negative, but they have to be better
understood in the context of other environmental
changes for adequate mitigation and adaptation
strategies to be developed to sustain human wellbeing.
The authors of the chapter on Europe in the IPCC AR5
have performed a literature review of how various
ecosystem services in European macro-regions will
be affected by climate change (Kovats et al., 2014).
Table 4.2 summarises the potential impacts of
climate change on ecosystem services in Europe by
sub‑region, based on an assessment of the published
literature (2004–2013). The direction of change
(increasing, decreasing or neutral) is provided, as
well as the number of studies/papers on which the
assessment was based (in parentheses). Empty cells
indicate the absence of appropriate literature. Unless
otherwise stated, impacts assume no adaptation and
are assessed for the mid-century (2050s). A decrease
in natural hazard regulation (e.g. for wildfires)
implies an increased risk of the hazard occurring.
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Table 4.2

Provisioning
services

Projected impacts of climate change on ecosystem services in Europe by macro-region based
on an IPCC literature review

Food production

Southern

Atlantic

Continental

Alpine

Northern

 (1)

 (1)

 (1)

No (1)
 (4)

 (1)
 (1)

Livestock production

No (1)
 (1)

Fibre production

 (1)

Bioenergy production
Fish production

 (1)
No (1)
 (1)

 (1)

Timber production

 (2)

 (2)
No (3)

 (1)
No (2)
 (1)

Non-wood forest products

 (1)

Sum of effects on provisioning services

Regulating
services

 (1)
No (1)
 (2)

 (1)
No (1)
 (1)
No (2)
 (1)

 (4)
No (6)
 (11)

 (9)
No (3)
 (2)

 (3)
 (1)

 (4)
No (1)

 (3)
No (1)

 (4)
No (3)
 (1)

 (4)
No (1)
 (1)

Wetland

No (1)
 (1)

No (1)
 (1)

 (1)

Soil carbon stocks

No (1)
 (1)

No (1)
 (2)

No (1)
 (1)

No (1)
 (2)

 (3)

 (1)

 (1)

 (1)

 (1)
Forest ﬁres/wildﬁres

 (1)

 (1)

Erosion, avalanche,
landslide
Drought

 (2)
 (1)
 (1)
No (1)
 (1)

Water quality regulation
Biodiversity

Sum of effects on regulating services

Recreation (ﬁshing, nature enjoyment)

 (1)
 (1)

 (1)

 (1)
 (8)

 (2)
No (1)
 (4)

 (2)
 (4)

 (2)
 (4)

 (3)
 (2)

 (4)
No (3)
 (14)

 (6)
No (4)
 (9)

 (6)
No (2)
 (9)

 (9)
No (2)
 (11)

 (8)
No (2)
 (8)

 (1)

 (1)

 (1)
 (2)

Tourism (skiing)
Aesthetic/heritage (landscape character,
cultural landscapes)
Sum of effects on cultural services

No (1)
 (1)

 (2)

Flooding

Note:

 (6)
No (1)

 (2)
No (4)
 (2)

Pest control

Cultural
services

 (5)
No (2)
 (5)

No (1)
 (7)

Climate regulation General/forests
(carbon
sequestration)

Natural hazard
regulation (a)

 (1)
No (1)
 (1)

 (1)
 (1)

 (1)

No (1)
 (1)

 (1)

 (2)

 (1)
 (1)

No (1)
 (1)

 (1)
 (1)

 (1)

 (1)
 (3)

 = Climate change impacts are decreasing ecosystem services;
No = Neutral effect;
 = Climate change impacts are increasing ecosystem services.
(1) = Numbers in brackets refer to the number of studies supporting the change (increasing, decreasing, neutral) in ecosystem services.
(a) A decline in ecosystem services implies an increased risk of the speciﬁed natural hazard.
Entries for biodiversity are those that were found during the literature search for climate change impacts on ecosystem services.

Source:
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Adapted from Kovats et al., 2014 (Box 23-1).
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climate change. Except for the southern macro-region,
the effects of climate change on regulating services are
balanced with respect to gains and losses. There are
fewer studies for cultural services, and assessments
of regional changes in cultural services have low
confidence.

Biodiversity is included in the IPCC review as a service
(for completeness), although it is debated whether
biodiversity should be considered as a service or as
part of the natural capital from which services flow.
It is agreed, however, that biodiversity losses within
an ecosystem will have deleterious effects on service
provision.

An independent assessment of the future impacts
of climate change on eight ecosystem services was
performed using an integrated modelling platform
developed in the CLIMSAVE (70) project for the same
macro-regions as in the IPCC review (Dunford et al.,
2015). Table 4.3 presents a semi-qualitative summary
of the results for different ecosystem services, regions,
climate scenarios and socio-economic scenarios.

According to Table 4.2, the provision of ecosystem
services in southern Europe is projected to decline
across all service categories in response to climate
change. Other European macro-regions are projected
to have both losses and gains in the provision of
ecosystem services. The northern macro-region will
have increases in provisioning services arising from

Table 4.3

Projected impacts of climate change on ecosystem services in Europe
Food
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Continental
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Water
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Atmospheric regulation
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Landscape experience
Extreme


W

Europe

S

Moderate


W



Continental
Alpine







S



W



















S



W










Biodiversity (forest)

Moderate




S

Extreme


W

S

Biodiversity (arable)

Moderate


W



S



Extreme


W





Southern






Legend:

Decrease > – 20 %
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Northern





Land use diversity
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Extreme climate
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Decrease > – 5 %



Moderate climate



Increase > + 5 %

W

'We are the world' socio-economics

Increase > + 20 %

S

'Stay or go' socio-economics







Note:

This table shows projected impacts of climate change on ecosystem services in Europe by macro-region for different scenarios based on
the CLIMSAVE integrated assessment platform.

Source:

Adapted from Dunford et al., 2015.

(70) CLIMSAVE: 'Climate Change Integrated Assessment Methodology for Cross-Sectoral Adaptation and Vulnerability in Europe'.
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The general pattern shows mostly positive impacts
in northern and Alpine Europe (with the notable
exception of biodiversity), predominantly negative
impacts in southern Europe and mixed impacts in
continental Europe. Interestingly, impacts for Atlantic
Europe are assessed as predominantly negative.
A more detailed discussion of this table is beyond
the scope of the report, and the interested reader
is invited to consult the original publication for
detailed information on the underlying methods and
assumptions, as well as an in-depth discussion of the
results.
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The results of the IPCC and CLIMSAVE assessments
show similar patterns to those of the indicator‑based
climate impact assessments in this report:
predominantly negative effects are projected for
warmer regions in southern Europe, positive effects
prevail in cooler regions in northern Europe and a
balance of positive and negative effects is expected
in temperate regions in continental and Atlantic
Europe, with some disagreement for the latter region.
Further information on cross-sectoral climate change
assessments in Europe, including the CLIMSAVE
assessment, is available in Section 6.2.
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5 Climate change impacts on society

Changes in climatic conditions and their impacts on
environmental systems have a wide range of effects
on economic activities and on human health and
well‑being. This chapter presents selected observed
and projected changes in certain climate-sensitive
sectors and systems. Individual sections discuss the
economic impacts of extreme climate and weather
events (Section 5.1), the human health impacts of
climate change and climate extremes (Section 5.2)
and climate change impacts on agriculture
(Section 5.3), energy production and demand
(Section 5.4), transport infrastructure and operation

(Section 5.5) and tourism (Section 5.6). Most of the
information in Sections 5.1 to 5.4 is primarily based
on indicators, whereas no indicators are available for
Sections 5.5 and 5.6.
Information on fisheries is presented as part of
the section on oceans and marine ecosystems
(Section 4.1). Information on forests is presented
as part of the section on terrestrial ecosystems
(Section 4.4). Further information on climate change
impacts and risks based on multi-sectoral climate
change assessments is available in Chapter 6.
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5.1

Impacts of climate-related extremes

Key messages
• The number of reported climate-related extremes and the economic losses caused by them have increased in recent
decades, but this increase has been driven primarily by better reporting and by socio-economic factors.
• Attribution of the observed changes in the number of disaster events and the associated losses to specific causes is
hampered by large inter-annual variability, changes in reporting, and the implementation of measures to reduce impacts.
• Future climate change will affect the frequency and intensity of climate-related extremes and the associated losses
differently across Europe.
• Evidence-based disaster risk reduction and other public policy choices would be facilitated by better collection of data
concerning the economic, social and environmental impacts of climate extremes.

5.1.1 Overview
The IPCC AR5 concludes that, globally and in Europe,
climate change has led to detectable changes over
the past decades in some extreme weather and
climate‑related events (hereafter climate extremes or
extremes), including extreme temperatures and, in many
regions, intense precipitation (Bindoff et al., 2013). The
increasing exposure of people and assets to climate
extremes is driving the observed increase in economic
losses as a result of disaster events ('disaster losses')
in Europe. Observed changes in climate extremes and
possibly the deteriorated status of natural ecosystems
may also have played a role (IPCC, 2012).
The terms 'disaster damages', 'disaster losses' and 'costs
of disasters' are not always clearly distinguished. In this
report, the term 'damage' is used to refer to physical
damage (e.g. destroyed infrastructure), whereas the
term 'loss' is used to refer to economic losses. Economic
losses can be further categorised into direct losses
(which largely correspond with the costs of physical
damage) and indirect losses (such as the economic
impacts of business interruption) (OECD, 2014; IRDR,
2015; JRC, 2015). The disaster loss data included in the
global databases underpinning this section focus on
direct economic losses as well as human impacts.
Despite progress in the statistical attribution of specific
climate extremes to human-induced global climate
change, it is currently not possible to attribute observed
changes in economic losses to global climate change.
The stochastic nature of disaster risk, with uncertain tail
distributions and only partial observations of disaster
impacts, make it difficult to estimate the extent to which
observed climate change has already contributed to the
growing trend in disaster losses. However, significant
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progress has been made in the statistical attribution
of selected extreme climate events to anthropogenic
climate change. This includes events with large economic
and health impacts, such as the 2003 summer heat
wave in large parts of Europe, which have been found to
become much more likely as a result of anthropogenic
climate change (see Sections 3.1 and 3.2.3 for details).
Policy context
A better understanding of the risk of natural hazards
and the ensuing economic losses is important to
prevent excessive macro-economic imbalances and
to coordinate responses to shocks and crises within
the European Economic and Monetary Union. It is also
important for recovery after a disaster, and within the
context of the internal market regulation on state aid
conferred on business enterprises.
State aid given on a selective basis that distorts (or
threatens to distort) free-market competition is
incompatible with the EU internal (single) market,
except for cases in which the aid is to make good the
damage caused by natural disasters. Exposure to
natural hazards exemplifies natural handicaps that
hold up economic, social and territorial cohesion in the
EU. As an expression of the European solidarity that is
pinned down in the Treaty on the Functioning of the
European Union, the EU Solidarity Fund (EU, 2002, 2014)
was set up as a way to respond with financial assistance
in the event of a major, or regionally important, natural
disaster in a Member State or in a country negotiating
membership.
Reliable assessment of past and future losses caused
by climate extremes is essential for well-informed
disaster policies and climate adaptation. The United

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Climate change impacts on society

Nations Sendai Framework for Disaster Risk Reduction
(UN, 2015), which has been endorsed by the EU and
the EEA member and cooperating countries, requires
structured evaluation, recording and sharing of data
about economic impacts of natural hazards and
disasters. The Framework entails a target of reducing
direct disaster economic losses in relation to global
GDP by 2030 compared with 2005–2015 baselines. In
parallel, the European Union Civil Protection Mechanism
(EU, 2013) compels the EU Member States to conduct
risk assessments, and where possible also in economic
terms, at national or appropriate sub-national level. For
both purposes, the JRC is developing loss indicators that
should be part of operational disaster loss databases
(De Groeve et al., 2013, 2014; JRC, 2015).
The EU strategy on adaptation to climate change
(EC, 2013) has called for better informed decision‑making
through, among other things, improved damage and risk
assessment and a thorough assessment of adaptation
costs and benefits. The adaptation strategies that are
to be developed by Member States ought to be closely
connected to disaster risk management plans and
actions.
Indicator selection
The subsequent parts of this section present information
on the following indicator: economic losses from
climate‑related extremes.
A review is also presented of data sources on the
number of climate extremes for which economic and/or
human impacts have been recorded. This information is
provided primarily to contextualise information on the
above-mentioned indicator, and it is not presented in
indicator format.
Information on environmental, health and social impacts
is also presented in various other parts of the report,
e.g. in Section 4.4.6 (forest fires), Section 5.2 (health risks
of climate extremes), Section 5.3.4 (effect of climate
extremes on agricultural yield) and Section 6.2 (exposure
to multiple climatic hazards).
Data quality and data needs
Europe-wide assessments of natural disasters and their
impacts rely on global databases, in particular EM‑DAT
from CRED (71), the Dartmouth Flood Observatory

(71)
(72)
(73)
(74)

(DFO) (72) and NatCatSERVICE of Munich RE (73). The
databases are compiled from various sources; the
differences in definitions, thresholds, classification
criteria, reporting approaches, etc., are to be taken into
account when interpreting the data. In general, larger
disasters are captured well in these databases. However,
they are less accurate for smaller events, which still may
have a significant impact (WHO and PHE, 2013).
DFO considers only flood events or natural hazards
where flooding has happened. Information for Europe
on all types of natural hazards can be extracted
from global disaster databases, such as the EM-DAT
database, which places a particular focus on human
fatalities and displaced and affected people, and
the NatCatSERVICE database, which provides more
comprehensive data on insured and overall losses.
The 'disaster thresholds' for an event to be included in
these global databases are as follows:
•

EM-DAT: 10 or more people killed and/or 100 or
more people affected and/or declaration of a state of
emergency and/or call for international assistance;

•

NatCatSERVICE: small-scale property damage and/
or one fatality. In addition, Munich RE uses different
classes to classify the events.

Over recent years, these global databases have
been harmonised and better coordinated, but some
differences remain and, although during the past
decades both databases have improved their reporting,
caution is still needed in formulating conclusions about
observed changes. In addition, both databases are less
suitable for analysing the impacts of smaller events or
for analyses at the sub-national level. However, despite
these considerations, both databases serve as a good
starting point for getting an overview of the human
impacts and economic costs of disasters in Europe.
The economic loss records reviewed in Section 5.1.3
have been converted to euros (2013 value). For the
purpose of cross-country comparison, the loss records
have been normalised using the Eurostat collection
of economic indicators. Data from earlier years have
been completed from the annual macro-economic
database of the European Commission (AMECO), the
International Monetary Fund (IMF) World Economic
Outlook (WEO), the Total Economy Database (TED), and
the World Bank's database (74).

http://www.emdat.be.
http://floodobservatory.colorado.edu.
http://www.munichre.com/en/reinsurance/business/non-life/georisks/natcatservice/default.aspx.
See http://ec.europa.eu/economy_finance/db_indicators/ameco/index_en.htm (AMECO), https://www.imf.org/external/pubs/ft/weo/2015/02/
weodata/index.aspx (WEO), https://www.conference-board.org/data/economydatabase/ (TED) and http://data.worldbank.org (World Bank's
database).
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5.1.2 Number of climate-related extremes with recorded impacts

Key messages
• The number of reported climate extremes with relatively small damages has increased in recent decades, but this
increase seems to be driven primarily by better reporting and by socio-economic factors.
• The number of extreme events for which economic impacts have been reported has increased over the period 1980–2013.
This increase is driven by events with recorded losses of up to EUR 0.5 million, presumably as a result of better reporting.
• There is no apparent change in the number of extreme events in the analysed disaster database for events with recorded
losses of above EUR 0.5 million.

The number of climate extremes that have
demonstrably caused economic losses is sensitive to
climatic changes but also to a number of confounding
factors such as reporting bias, improvements in
disaster risk management, wealth and population
increase in hazard-prone areas. The potential for a
hazard to cause a disaster mainly depends on how
vulnerable an exposed community is to such hazards.
Well-designed disaster risk management and proactive
climate adaptation can reduce the impacts of climate
extremes and prevent them turning into disasters.
In recent years, policies for disaster risk reduction
and management have shifted to a comprehensive
multi-hazard approach that embraces prevention,
protection, preparedness, response and recovery
(EEA, 2011). Adaptation to climate change and disaster
risk management provide a range of complementary
approaches for managing the risks of climate extremes
(IPCC, 2012). The greater uptake of disaster insurance
has arguably improved the damage reporting for
extensive hazards (i.e. relatively frequent events with
limited damage).
The NatCatSERVICE database (75) comprises
4 443 records for climate-related disasters in Europe
(in the period 1980–2013), each with a unique
disaster event identification number, divided into
three categories (meteorological, hydrological and
climatological), with several sub-types within each
category. A further 442 events have been classified
as geophysical hazards, which are shown here for

comparison. The most commonly observed category
of disasters is meteorological (41 %), followed
by hydrological (33 %), climatological (15 %) and
geophysical (9 %) (see Figure 5.1, left). The difference
between the NatCatSERVICE database and the EM‑DAT
database (76) (see Figure 5.1, right) in the total number
of reported events and in their distribution over the
years is caused by the different data sources and
inclusion criteria used in the databases. The EM-DAT
database applies much more stringent inclusion
criteria.
The number of climate extremes on record in the
NatCatSERVICE database increased between 1980
and 2013, from around 80 per year in the 1980s to
120 in the 1990s and almost 140 in the 2000s. The
contrast between the increasing incidence of climate
extremes and the apparently constant number of
reported geophysical events has been previously used
to dismiss the possibility of reporting bias. However,
the increase is driven by events with recorded losses of
up to EUR 0.5 million. In contrast, the number of events
with losses above this threshold, which are responsible
for most of the overall losses, appears invariable since
1990 (see Figure 5.2).
Changes in recorded natural disasters need to be
interpreted with caution. Disaster occurrence and
disaster burden, in terms of people affected and
economic losses, are results of several interlinked
factors such as changes in wealth, changes in

(75) NatCatSERVICE (http://www.munichre.com/natcatservice) is one of the most comprehensive natural catastrophe loss databases, managed
by Munich Reinsurance Company (Munich RE), based in Munich, Germany. As a proprietary database, it is not publicly accessible. The entire
Munich RE dataset, which covers the period 1980–2013, was provided to the EEA under institutional agreement (June 2014).
(76) EM-DAT (http://www.emdat.be/database) is a natural catastrophe loss database, managed by CRED (School of Public Health, Université
Catholique de Louvain), based in Brussels, Belgium. Most data are available via the internet. Based on a letter of understanding (June 2014), the
EEA received the database covering the period 1980–2013.
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Figure 5.1

Number of extreme events with recorded impacts in Europe by year and hazard category
from two data sources
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Note:

This figure shows the number of unique extreme events with recorded impacts according to hazard category based on the
NatCatSERVICE database (left) and the EM-DAT database (right). In contrast with the previous version of this report, events affecting
several countries are counted only once. Hazard categories: geophysical events (earthquakes, tsunamis, volcanic eruptions);
meteorological events (storms); hydrological events (floods, mass movements); climatological events (heat waves, cold waves, droughts,
forest fires).

Source:

Munich RE NatCatSERVICE (data received under institutional agreement) and CRED EM-DAT (data received based on a Letter of
Understanding).

population, changes in intensity or frequency of climate
extremes, and changes in vulnerability. Therefore,
a direct attribution of changes in disaster burden to
any specific factor, such as climate change, should be
avoided (Visser et al., 2012).
Climate change will affect the frequency and severity
of climate extremes. Among long-term climate
extremes, heat waves are expected to increase across
Europe (see Section 3.2.3), and droughts are expected
to increase in most regions in southern Europe
(see Section 4.3.4). The direction of future changes is

uncertain for short-term meteorological extremes, such
as wind and hail storms (see Sections 3.2.6 and 3.2.7).
Model projections show a likely increase in hydrological
extremes (i.e. floods). Such an increase is likely to
occur across Europe for coastal floods owing to the
projected sea level rise (see Section 4.2.2); projections
for river floods differ for different parts of Europe
(see Section 4.3.3). Further information on projected
changes in climatic hazards in Europe based on a
multi-hazard climate risk assessment supported by the
Seventh Framework Programme (FP7) ENHANCE (77)
project is provided in Section 6.2.

(77) ENHANCE: 'Enhancing risk management partnerships for catastrophic natural hazards in Europe', http://enhanceproject.eu.
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Figure 5.2

Number of climate extremes by loss category over time
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This figure shows the number of events per loss category based on NatCatSERVICE.

Source:

Munich RE NatCatSERVICE (data received under institutional agreement).
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5.1.3 Economic losses from climate-related extremes

Key messages
• The total reported economic losses caused by climate-related extremes in the EEA member countries over the period
1980–2013 were almost EUR 400 billion (2013 value). The average damage has varied between EUR 7.6 billion per year in
the 1980s and EUR 13.7 billion in the 2000s.
• The observed changes in reported losses over time are difficult to interpret, as a large proportion of the total deflated
losses has been caused by a small number of events. Specifically, more than 70 % of the damage was caused by only 3 %
of all registered events.

Relevance
Economic losses from extreme climate events have
increased, but with large spatial and interannual
variability. Reported disaster losses often reflect
only structural damages to tangible physical assets,
neglecting the impacts on health, integrity of
ecosystems and intangible cultural heritage. Hence,
the reported economic losses focus on direct losses
and should therefore be understood as lower-bound
estimates. The changes in recorded losses are, to a
large extent, influenced by increased economic wealth.
Determining the effect of ongoing climate change in the
pattern of loss data remains elusive.
Past trends
According to the data from NatCatSERVICE (Munich
RE), climate extremes accounted for 82 % of the total
reported losses in the EEA member countries (78)
over the period 1980–2013, whereas geophysical
events such as earthquakes and volcano eruptions
are responsible for the remaining 18 %. The main
hazards underlying economic losses and fatalities
differ substantially from each other. In particular,
heat waves represented only 1 % of all hazards and
caused only 5 % of the reported losses, but they
were responsible for 67 % of all fatalities (Figure 5.3).
Further information on fatalities and other health
effects from climate‑related extremes is presented in
Section 5.2.
Recorded losses from climate extremes in Europe
amounted to EUR 393 billion (2013 value) (79), on
average EUR 11.6 billion per year, EUR 69 000 per
square kilometre or EUR 710 per capita (based on the

average population over the entire period 1980–2013).
The loss is equal to 0.1 % of cumulative deflated GDP
over the analysed period. Around 33 % of the total
losses were insured. The distribution of losses caused
by climate extremes among the 33 EEA member
countries is uneven. The highest losses in absolute
terms were registered in the large countries Germany,
Italy and France, in rank order. The highest losses
per capita were recorded in Switzerland, Denmark
and Luxembourg, in rank order; the highest losses
expressed as a fraction of GDP over the period were
registered in the Czech Republic, Croatia and Hungary,
in rank order (see Table 5.1).
Losses from natural hazards in Europe have
varied substantially over time. The average annual
(inflation‑corrected) losses from climate extremes
have increased from EUR 7.6 billion in the 1980s to
EUR 13 billion in the 1990s and EUR 13.7 billion in
the 2000s (see Figure 5.4, which also includes losses
from geophysical events for comparison). The changes
over time that can be seen in the recorded losses
are obfuscated by high variability and are strongly
determined by a few exceptionally large events.
Around 3 % of events, some of which affected more
than one country, account for around 70 % of total
inflation-adjusted losses. The most costly climate
extremes were the 2002 flood in central Europe
(EUR 20 billion), followed by the 2003 drought and
heat wave (EUR 16 billion) and the 1999 winter
storm 'Lothar' (EUR 14 billion). By contrast, some
three‑quarters of the registered events caused only
half a percentage point of the total losses.
One important issue is the extent to which the observed
increase in overall losses during recent decades is

(78) http://www.eea.europa.eu/about-us/countries-and-eionet.
(79) The exact estimate differs by several percentage points depending on the choices made, including the price indices chosen for accounting for
inflation, the reference base (annual, monthly) for the conversion between losses expressed in US dollars and euros, etc.
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attributable to changing climatic conditions rather than
other factors. According to the IPCC AR5 (IPCC, 2014a),
the increasing exposure of people and economic
assets to climate extremes has been the major cause
of the global long-term increases in economic losses
from climate-related disasters. Long‑term changes
in economic disaster losses adjusted for wealth and
population increases have not been attributed to
climate change, but a role for climate change has not
been excluded either. Available studies for damages
from river floods and storms in Europe suggest that
the observed increases in losses are primarily due
to increases in populations, economic wealth and
developments in hazard-prone areas, but the observed
increase in heavy precipitation in parts of Europe
may have also played a role (e.g. Barredo, 2009, 2010;
Maaskant et al., 2009; Bouwer et al., 2010; te Linde et al.,
2011; Feyen et al., 2012; Visser et al., 2012; Rojas et al.,
2013) (see also Section 3.2.5 and Section 4.3.3). There is
evidence that improved flood protection and prevention
contributed to reducing losses over time in some cases
(e.g. Thieken et al., 2016).

Figure 5.3

Projections
The IPCC AR5 concludes that high temperature
extremes, heavy precipitation events and droughts will
markedly increase in all or most world regions, including
in Europe. Furthermore, large parts of Europe will face
an increasing drought risk (IPCC, 2013). There is medium
confidence in the fact that climate change will increase
the likelihood of systemic failures across European
countries as a result of extreme climate events affecting
multiple sectors (IPCC, 2014b; Kovats et al., 2014).
Increasing extremes will presumably lead to greater
losses. However, the future cost of climate‑related
hazards in Europe will depend on several factors,
including the resilience and vulnerability of society,
which are variable across hazards and regions.
Further information on projected changes in individual
extreme events is provided in Sections 3.2, 4.2 and 4.3;
projections based on multi-hazard assessments are
presented in Section 6.2.3 and in recent JRC studies
(Forzieri et al., 2015, 2016).
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Note:

This diagram shows the number of events, fatalities, total losses and insured losses (expressed in 2013 values) from all natural hazards
in EEA member countries cumulated over the period 1980–2013. Hazard categories: meteorological events (storms); hydrological events
(floods, mass movements); climatological events (heat waves, cold waves, droughts, forest fires); geophysical events (earthquakes, tsunamis,
volcanic eruptions).

Source:

EEA based on data from Munich RE NatCatSERVICE received under institutional agreement.
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Table 5.1

Economic losses from climate extremes by country
Losses (2013 EUR value)

Country

Total
(million)

Insured
(million)

%
insured

Per capita

Per square
kilometre

%
GDP

Austria

10 957

3 178

29

1 379

130 634

0.14

Belgium

3 016

1 603

53

294

98 806

0.03

Bulgaria

1 235

1

0

150

11 140

0.04

Croatia

2 248

4

0

499

39 714

0.20

Cyprus

357

9

2

537

38 562

0.09

Czech Republic

9 563

3 088

32

926

121 256

0.24

Denmark

9 432

5 598

59

1 781

219 776

0.13

241

29

12

168

5 331

0.06

Estonia
Finland

1 729

208

12

338

5 108

0.03

France

53 182

25 410

48

860

84 038

0.09

Germany

78 721

34 382

44

1 046

220 403

0.11

Greece

7 435

89

1

703

56 344

0.12

Hungary

5 521

69

1

535

59 347

0.18

47

16

33

171

454

0.02

Iceland
Ireland

2 984

1 569

53

774

42 756

0.09

59 624

1 945

3

1 039

197 383

0.12

415

50

12

173

6 423

0.08

5

3

58

174

33 880

0.01

Lithuania

984

6

1

285

15 066

0.06

Luxembourg

700

432

62

1 645

270 834

0.07

62

24

38

167

197 426

0.04

Netherlands

6 147

2 768

45

396

147 983

0.04

Norway

3 587

1 922

54

806

11 079

0.04

Poland

Italy
Latvia
Liechtenstein

Malta

13 935

859

6

367

44 566

0.13

Portugal

6 783

300

4

665

73 563

0.14

Romania

8 424

56

1

383

35 339

0.14

Slovakia

1 332

66

5

251

27 166

0.08

Slovenia
Spain
Sweden
Switzerland
Turkey
United Kingdom
Total

919

143

16

462

45 325

0.09

32 834

3 920

12

800

64 891

0.12

3 630

1 032

28

412

8 277

0.04

17 812

8 425

47

2 517

431 444

0.14

3 040

238

8

49

3 879

0.03

46 046

31 372

68

782

185 274

0.10

392 949

128 813

33

710

68 755

0.10

Note:

This table shows recorded economic losses (2013 EUR value) from climate-related hazards cumulated for the period 1980–2013 in each EEA
member country.

Source:

EEA based on data from Munich RE NatCatSERVICE received under institutional agreement.
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Figure 5.4

Trends in economic losses from all natural hazards

Economic losses (adjusted for inﬂation only)
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Note:

This figure shows recorded economic losses in EEA member countries over the period 1980–2013 by hazard category: adjusted for inflation
only (2013 EUR value) (left); adjusted for inflation and wealth (in terms of GDP changes) (right). Geophysical events are included for comparison.

Source:

EEA based on data from Munich RE NatCatSERVICE received under institutional agreement.
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5.2

Human health

Key messages
• Climate change is already contributing to the burden of disease and premature deaths in Europe. Its main health
effects are related to extreme weather events, changes in the distribution of climate-sensitive diseases and changes in
environmental and social conditions.
• Heat waves were the deadliest extreme weather event in the period 1991–2015 in Europe. They have caused tens of
thousands of premature deaths in Europe.
• Adverse impacts of future climate change are projected to outweigh beneficial impacts on the global scale. The health
impacts and associated economic costs are also estimated to be substantial in Europe. However, quantitative projections
of future climate-sensitive health risks are difficult owing to the complex relationships between climatic and non-climatic
factors, climate-sensitive disease and other health outcomes.

5.2.1 Overview
Relevance
Climate change is already contributing to the global
burden of disease and premature deaths. Climate
change affects our health and well-being in many
ways, through direct physical impacts (most of them
due to amplified extreme weather events) and
indirect social and economic changes (Figure 5.5).
Many of the indirect effects of climate change will be
simultaneously influenced by other global changes and
socio-demographic pressures that act in conjunction
with climate change. These include several categories
of indirect health impacts and the tertiary effects
on health and survival that arise from more diffuse
disruptions, dislocations and conflicts, which are likely
to increase in future decades and are indicated by
upward-pointing arrows in Figure 5.5 (McMichael, 2013).
Climate change will act mainly by exacerbating health
problems that already exist, and the largest risks will
apply in populations that are currently most affected by
climate-related diseases. The potential health benefits
from milder winters in some regions are, however, not
expected to outweigh the risk of negative health effects
through direct and indirect, immediate and delayed risks
of climate change (McMichael et al., 2012).
In Europe, climate change can increase water scarcity
and quality, and can pose additional challenges for
providing sustainable water and sanitation services
(EEA, 2011b; Ludwig et al., 2011; Sinisi and Aertgeerts,
2011; IPCC, 2014a). Nearly half of over 50 infectious
diseases that the EU Member States are currently

required to report can be directly or indirectly affected
by climate change; other climate-sensitive diseases,
including many vector-borne diseases, are considered
priority infectious diseases in relation to climate change
in Europe (Lindgren et al., 2012).
All people are affected by climate change, but the effect
of climate change on people's health depends largely
on their vulnerability (80) (e.g. age, pre-existing diseases,
exposure, location) and their ability to adapt, linked
to ecological, social, economic and cultural factors,
including education and access to health systems,
among others (EEA, 2010). Vulnerable population
groups include the elderly and children, the urban
poor, traditional societies, subsistence farmers and
coastal populations (WHO, 2011). Vulnerabilities vary
both within and across European regions. Areas with
high adaptive capacities may be able to mitigate
some of the health-related risks of climate change.
In the European Union, areas with projected high
vulnerabilities to infectious disease transmission
include regions in Bulgaria, Greece, southern Italy, and
Romania (Suk et al., 2014).
Populations in some European areas are at a higher risk
from climate change than others, depending on their
exposure to climatic hazards and their vulnerability.
Climate change will increase the frequency and intensity
of heat waves, and can increase economic losses
and the number of people affected by such extreme
heat events, having impacts on health and well-being,
labour productivity, crop production and air quality,
and increasing the risk of wildﬁres in southern Europe
(Kovats et al., 2014). Arctic populations are particularly

(80) The term 'vulnerability' is being used in different ways in the climate change context (see Section 1.4 for a more detailed discussion). Its use in
this section follows its general use in epidemiology and public health, where it describes the relationship between exposure to a health hazard
and the health effect.
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Figure 5.5

Impact pathways of climate change on human health
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McMichael, 2013. © 2013 Massachusetts Medical Society. Reproduced with permission.

at risk because of their reliance on the physical
environment for food, water and infrastructure (IPCC,
2014b). In the Arctic, changes in temperature and
precipitation (see Section 3.2), the melting of permafrost
and decreasing sea ice (see Section 3.3), coastal
erosion (see Section 4.2), landscape transformation
and biodiversity change (see Section 4.4) can affect
the lifestyle and culture of the indigenous people. Ice
melting caused by climate change is expected to also
influence exposures to some contaminants (mercury,
radionuclides and persistent organic pollutants), which

200

Infectious‑
disease
risks

will create additional and/or synergistic impacts on the
overall health and well-being of all Arctic communities
(Armitage et al., 2011; Teran et al., 2012).
Policy context
Climate change is an emerging threat that rightly
commands widespread policy and public attention.
Along with other rapid changes associated with global
population and economic growth, climate change
creates additional stresses on existing weak points
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in health protection, and requires reconsideration of
public health priorities. The most effective responses
today, and while global warming stays below a 2 °C
increase compared with pre-industrial levels, are
likely to be strengthening of key functions such as
environmental management, surveillance and response
to safeguard health from natural disasters and changes
in infectious disease patterns, and a more proactive
approach to ensure that development decisions serve
the ultimate goal of improving human health. Both
climate-sensitive health risks and the health benefits of
cutting greenhouse gas emissions should be central to
any discussion on climate change (WHO, 2015). Many
mitigation and adaptation responses to climate change
are 'no-regret' options, which lead to direct reductions
in the burden of ill-health, enhance community
resilience, alleviate poverty and address global inequity
(Watts et al., 2015). For example, further improvement,
development and implementation of heat-wave
preparedness, planning and response in European
countries would lead to a reduction in heat-related
mortality, and a focus should be placed on developing
strong inter-sectorial coordination, effective early
warning and health system response mechanisms, and
surveillance and evaluation measures (Bittner et al.,
2014). Long-term planning, including urban planning
and housing, becomes even more relevant than
before. The recent Sendai Framework on Disaster Risk
Reduction 2015–2030 was adopted by representatives
from 187 UN Member States in March 2015 (UN, 2015)
with six priorities (see Section 2.1.2). Activities at
national and local levels, as well as global and regional
levels, were established for each of these priorities.
The current policy context is further set through
European Union policies and the pan-European
'Commitment to Act' on environment and health. In
March 2010, at the Fifth Ministerial Conference on
Environment and Health in Parma, Italy, ministers
of health and the environment of 53 European
Member States and the European Commission
declared their commitment to protecting health
and well‑being, natural resources and ecosystems
and to promoting health equity, health security and
healthy environments in a changing climate (WHO,
2010a, 2010b). This includes the promotion of climate
change mitigation and adaptation measures that
also improve human health. As a continuation of the
engagement, the European Environment and Health
Process will concentrate on activities in light of the
Paris climate agreement, and in preparation for the
Sixth Ministerial Conference on Environment and
Health in 2017. The European Commission adopted,
in April 2013, an EU strategy on adaptation to climate
change, which has been welcomed by the EU Member
States. The strategy aims to make Europe more
climate resilient. It focuses on promoting action by

Member States, climate-proofing action, and better
informed decision-making (EC, 2013) (see Section 2.3
for details). Furthermore, the Decision of the Council
and the EU Parliament on cross-border health
threats will help Member States to prepare for and
protect citizens against possible future pandemics
and serious cross‑border threats caused not only
by communicable diseases, but also by chemical,
biological or environmental events (EU, 2013).
Selection of indicators
The next section presents an overview of extreme
weather events and health, which is not presented in
indicator format and therefore is not merged with the
more specific indicators on this topic. After the section
on extreme weather events and health, the following
indicators on key climate-sensitive health risks in
Europe are presented:
•

floods and health (addressing both coastal and river
floods);

•

extreme temperatures and health (focussing on
extreme high temperatures);

•

vector-borne diseases;

•

water- and food-borne diseases.

Climate change can also affect ground-level ozone
concentrations, which are a threat to human health.
However, the projected increase in summertime ozone
concentrations in Europe due to future warming is
small compared with the background level and the
effect of expected reductions in ozone precursors
(EEA, 2015).
Data needs and uncertainty
The attribution of health effects to climate change
is difficult owing to the complexity of interactions
and the potential modifying effects of a range of
other factors (such as land-use changes, public
health preparedness and socio-economic conditions)
(Wardekker et al., 2012). Criteria for defining a
climate‑sensitive health impact are not always well
identified, and their detection sometimes relies
on complex observational or prospective studies,
applying a mix of epidemiological, statistical and/
or modelling methodologies. Furthermore, these
criteria, as well as the completeness and reliability
of observations, may differ between regions and/
or institutions, and they may change over time. Data
availability and quality are crucial in climate change
and human health assessments, both for longer term
changes in climate-sensitive health outcomes and for
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health impacts of extreme events. The monitoring of
climate‑sensitive health effects is currently fragmentary
and heterogeneous. All these factors make it difficult
to identify significant trends in climate-sensitive health
outcomes over time, and to compare them across
regions. In the absence of reliable time series, more
complex approaches are often used to assess the
past, current and future impacts of climate change on
human health.
The links between climate change and health have
been the subject of intense research in Europe in the
early 2000s (e.g. the projects cCASHh (81), EDEN (82),

EDENext (83) and Climate-TRAP (84)); more recently
health has been incorporated, to a minor extent,
into some cross-sectorial projects (e.g. CIRCE (85),
PESETA II (86), IMPACT2C (87) and RAMSES (88)).
Furthermore, the World Health Organization (WHO) has
a policy, country support and research mandate given
by its 193 Member States through the World Health
Assembly on all aspects of climate change and health
(WHO, 2008, 2014). The European Centre for Disease
Prevention and Control (ECDC) assesses the effects
of climate change on infectious diseases and has also
established a pan-EU network dedicated to vector
surveillance (VBORNET) (89).

(81) cCASHh — 'Climate change and adaptation strategies for human health in Europe' — is a European Commission FP5 project (http://cordis.
europa.eu/project/rcn/56944_en.html).
(82) EDEN — 'Emerging Diseases in a changing European eNvironment' — is a European Commission FP6 project (http://www.eden-fp6project.net).
(83) EDENext — 'Biology and control of vector-borne infections in Europe' — is a European Commission FP7 project (http://www.edenext.eu).
(84) Climate-TRAP: 'Training, Adaptation, Preparedness of the Health Care System to Climate Change' (http://www.climatetrap.eu).
(85) CIRCE — 'Climate Change and Impact Research: the Mediterranean Environment' — is a European Commission FP6 project (http://www.iddri.
org/Iddri/Circe-Overview.pdf).
(86) PESETA II — 'Projection of Economic impacts of climate change in Sectors of the European Union based on bottom-up Analysis' — is a European
Commission FP7 project (http://peseta.jrc.ec.europa.eu).
(87) IMPACT2C — 'Quantifying projected impacts under 2°C warming' — is a European Commission FP7 project (http://impact2c.hzg.de).
(88) RAMSES — 'Reconciling, adaptation, mitigation and sustainable development for cities' — is a European Commission FP7 project (http://www.
ramses-cities.eu/about/project-setup).
(89) VBORNET: 'European Network for Arthropod Vector Surveillance for Human Public Health' (http://www.vbornet.eu).
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5.2.2 Extreme weather events and health

Past trends

Relevance

According to the EM‑DAT international disaster
database (90) (see Section 5.1), heat waves were
the deadliest extreme weather event in the period
1991–2015 in Europe, particularly in southern and
western Europe. Cold events and storms were the
deadliest weather extremes in eastern Europe. Floods
and wet mass movements, including landslides, were
linked to the highest death rates in southern and
eastern Europe, wildfires were linked to the highest
death rates in southern Europe and the deadliest
storms were reported in northern and western
Europe (Table 5.2). However, the comparability of
the data over time is very limited (see 'Data needs
and uncertainty' in Section 5.2.1). Furthermore, the
interpretation of the time series can be dominated by
a single extreme event, such as the 2003 summer heat
wave (June–September 2003), with over 70 000 excess
deaths in southern and western Europe. In addition,
in the case of flood‑related fatalities, where the
total number of fatalities is much lower, the overall
number of deaths depends strongly on single events.
Extreme events threaten human health, but may
also be considered an argument for a transition
to more sustainable and healthy societies with
'climate‑resilient' health systems.

Extreme climate and weather events, such as
heat waves (see Section 3.2.3), wind storms (see
Section 3.2.6), hail (see Section 3.2.7), river floods
(see Section 4.3.3), droughts (see Section 4.3.4),
storm surges (see Section 4.2.2) and forest fires (see
Section 4.4.6), have adverse social and health effects
in Europe and in the Arctic, as well as significant
impacts in multiple economic sectors (Kirch et al.,
2005; Confalonieri et al., 2007; EEA, 2011a; IPCC, 2012,
2014b). However, human vulnerability to extreme
weather events is determined by a complex set of
factors.
Evidence suggests that, globally, climate change
has led to changes in climate extremes, including
heat waves, record high temperatures and, in many
regions, heavy precipitation in the past half century
(IPCC, 2013). If vulnerable populations are exposed
to such climate extremes, or a series thereof, this can
lead to substantial health impacts (IPCC, 2012). There
are regional differences in the observed changes; for
example, while there is high confidence in the fact that
heat waves have become more severe in southern
Europe and the Mediterranean, there is less confidence
in the significance of the observed trend in central and
northern Europe.

Table 5.2

The damages from extreme climate events have
increased in Europe since 1991 (see Section 5.1.2).

Number of people killed per million due to extreme weather events, by European sub‑regions
for the period 1991–2015
Flood and
wet mass
movement (a)

Cold event

Heat wave

11.39

Storm

Eastern Europe

8.57

28.27

Northern Europe

0.99

1.67

11.17

2.48

0.01

Southern Europe

6.75

0.92

177.98

1.19

0.97

Western Europe

2.09

0.89

191.58

2.79

0.04

Total

4.64

5.31

128.98

1.99

0.46

Note:

1.73

Wildfire

0.54

(a) Includes landslides.
The rate given in each cell is the cumulative numbers of deaths per 1 000 000 people over the whole time period (1991–2015). The country
groupings, as reported to EM‑DAT/CRED, are as follows: eastern Europe is Bulgaria, the Czech Republic, Hungary, Poland, Romania and
Slovakia; northern Europe is Denmark, Estonia, Finland, Iceland, Ireland, Latvia, Lithuania, Norway, Sweden and the United Kingdom; southern
Europe, including western Asia, is Albania, Bosnia and Herzegovina, Croatia, Cyprus, Greece, Italy, the former Yugoslav Republic of Macedonia,
Montenegro, Portugal, Serbia, Slovenia, Spain and Turkey; and western Europe is Austria, Belgium, France, Germany, Luxembourg, the
Netherlands and Switzerland. Population rates calculated using population data from 2013.

Source:

(90)
(91)
(92)
(93)

EM‑DAT (91), Eurostat (92) and WHO (93).

http://www.emdat.be.
http://www.emdat.be/database.
http://ec.europa.eu/eurostat/web/population-demography-migration-projections/population-data.
http://www.euro.who.int/en/data-and-evidence.
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However, such figures need to be interpreted with
caution. Trend patterns in disaster burden, in terms
of number of people affected and economic loss, are
difficult to explain, as several interlinked factors play
a role. These include changes in wealth, changes in
population numbers, changes in intensity or frequency
of extreme weather events, and changes in vulnerability.
Therefore, the direct attribution of changes in disaster
burden to one specific factor, such as climate change,
should be avoided (Visser et al., 2012).
Projections
Extreme weather is projected to increase in frequency
and severity in many areas of the world, including
Europe, and includes heat and heat waves, fires,
droughts, heavy precipitation and floods (IPCC, 2012,
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2014b). Long‑term climate extremes such as droughts
are generally expected to increase, while the
direction of change is uncertain for some short‑term
meteorological extremes, such as storms (see
Section 3.2.6). Model projections show increases in
hydrological extremes (i.e. floods) are likely. Such an
increase is more certain for coastal floods owing to the
projected sea level rise (see Section 4.2.2) than for river
floods (see Section 4.3.3).
Estimates of the projected health impacts of coastal
and river floods, temperature and infectious diseases
are reflected in the next sections. They have been
produced by EU research projects and through
research by EU and UN agencies (Feyen and Watkiss,
2011; Kovats et al., 2011; Watkiss and Hunt, 2012; Watts
et al., 2015).
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5.2.3 Floods and health

Key messages
• River and coastal flooding have affected many millions of people in Europe since 2000. Flooding affects human health
through drowning, heart attacks, injuries, infections, exposure to chemical hazards and mental health consequences.
Disruption of services, including health services, safe water, sanitation and transportation ways, plays a major role in
vulnerability.
• Observed increases in heavy precipitation and extreme coastal water levels have increased the risk of river and coastal
flooding in many European regions.
• In the absence of additional adaptation, the projected increases in extreme precipitation events and in sea level would
substantially increase the health risks associated with river and coastal flooding in Europe.

Relevance
Climate change can increase the severity and frequency
of extreme weather events, such as heavy precipitation,
and floods, storms and storm surges. Floods caused
by these events can affect people immediately
(e.g. through drowning and injuries) and after the event
(e.g. through displacement, the destruction of homes,
water shortages, disruption of essential services and
financial loss). The stress that flood victims are exposed
to can also affect their mental health, and effects
can persist a long time after the event. Two‑thirds of
flood‑related deaths worldwide are from drowning
and one‑third are from physical trauma, heart attacks,
electrocution, carbon monoxide poisoning, fire and
infectious diseases. Health system infrastructure
(e.g. hospitals) is vulnerable to extreme weather
events, in particular to flooding. Disruption of services,
including health services, safe water, sanitation and
transportation ways, plays a major role in vulnerability
(Radovic et al., 2012; Stanke et al., 2012; Brown and
Murray, 2013; WHO and PHE, 2013). Information
about economic damages from floods is presented in
Sections 5.1 and 6.3.
Past trends
Most regions in Europe have exhibited an increasing
trend in heavy precipitation over recent decades, in
particular in winter (see Section 3.2.5). The number
of large inland floods in Europe has been increasing
since the 1980s; however, there is not yet conclusive
evidence that climate change has already contributed
to this trend (Zolina et al., 2010; Hov et al., 2013;
Kundzewicz et al., 2013) (see Section 4.3.3).
Estimates for the WHO European Region based on
a combination of data from EM‑DAT and the DFO

indicate that coastal and inland floods killed more
than 2 000 people and affected 8.7 million in the
period 2000–2014. Map 5.1 shows the number of
deaths related to flooding in each EEA member and
cooperating country for the same period, normalised
by their population. The largest numbers are found
in south‑eastern Europe, eastern Europe and central
Europe. Note that, because of the relatively short time
period of 15 years, the value of the indicator can be
significantly affected by a single catastrophic event.
For example, at least 50 people were killed in massive
floods in the Balkan countries in May 2014 (Holt, 2014).
The EM‑DATA database also includes data on people
injured or (otherwise) affected by floods. This
information is not presented here owing to concerns
regarding the consistency with which these data are
assessed and reported across countries and even for
different flood events in the same country.
Projections
Heavy precipitation events are likely to become more
frequent in many regions in Europe, and sea level rise
is projected to accelerate compared with the 20th
century under all emissions scenarios. The PESETA II
project and the ClimateCost project have estimated
the economic and health effects of river and coastal
flooding under various climate change scenarios,
including sea level rise.
For a medium emissions scenario (SRES A1B) and in
the absence of adaptation, river flooding is estimated
to affect about 300 000 people per year in the EU by
the 2050s and 390 000 people by the 2080s; the latter
figure corresponds to more than a doubling with
respect to the baseline period (1961–1990). The British
Isles, western Europe and northern Italy show a robust
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Map 5.1
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This map shows the number of deaths per million inhabitants related to flooding in Europe (cumulative over the period 1991–2015).

Source:

EM‑DAT, adapted from WHO and PHE, 2013. © 2016 WHO.

increase in future flood hazards; these regions also
show the greatest increase in the population affected
by river floods (Rojas et al., 2012, 2013; Ciscar et al.,
2014).
If no additional adaptation measures were taken, the
number of people affected by coastal flooding in the
EU at the end of the 21st century would range from
775 000 to 5.5 million people annually, depending
on the emissions scenario. The number of deaths in
the EU due to coastal flooding in the 2080s would
increase by 3 000, 620 and 150 per year under a high
emissions scenario (assuming 88 cm sea level rise),
the SRES A1B 'business as usual' scenario and the
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E1 mitigation scenario, respectively. Two‑thirds of
these deaths would occur in western Europe. Coastal
adaptation measures (dikes and beach nourishment)
could significantly reduce risks to less than 10 deaths
per year in 2080 (Ciscar et al., 2011; Kovats et al.,
2011). Somewhat different estimates were provided in
another study (Wolf et al., 2015).
Flooding is also associated with mental health impacts.
Coastal flooding in the EU could potentially cause five
million additional cases of mild depression annually by
the end of the 21st century under a high sea level rise
scenario in the absence of adaptation (Bosello et al.,
2011; Watkiss and Hunt, 2012).
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5.2.4 Extreme temperatures and health

Key messages
• Heat waves and extreme cold spells are associated with decreases in general population well-being and with increases
in mortality and morbidity, especially in vulnerable population groups. Temperature thresholds for health impacts differ
according to the region and season.
• The number of heat extremes has substantially increased across Europe in recent decades. Heat waves have caused tens
of thousands of premature deaths in Europe since 2000.
• It is virtually certain that the length, frequency and intensity of heat waves will increase in the future. This increase will
lead to a substantial increase in mortality over the next decades, especially in vulnerable population groups, unless
adaptation measures are taken.
• Cold-related mortality is projected to decrease owing to better social, economic and housing conditions in many countries
in Europe. There is inconclusive evidence about whether or not the projected warming will lead to a further substantial
decrease in cold-related mortality.

Relevance
Temperature affects human well‑being and mortality.
Both cold and heat have public health impacts in
Europe.
Heat or hot weather that lasts for several days, often
referred to as 'a heat wave', can have a significant
impact on society, including a rise in mortality and
morbidity (WMO and WHO, 2015). Heat waves have
caused far more fatalities in Europe in recent decades
than any other extreme weather event. The effects
of exposure can be directly related to heat (heat
stroke, heat fatigue and dehydration, or heat stress)
or can be the result of a worsening of respiratory and
cardiovascular diseases, electrolyte disorders and
kidney problems (Aström et al., 2013; Analitis et al.,
2014; Breitner et al., 2014). Heat‑related problems are
greatest in cities; among many interrelated factors,
the urban heat island effect plays an important role.
During hot weather, synergistic effects between high
temperature and air pollution (particulate matter with
a diameter ≤10 micrometres (PM10) and ozone) were
observed (Katsouyanni and Analitis, 2009; Burkart et al.,
2013; De Sario et al., 2013). Long warm and dry periods,
in combination with other factors, can also lead to
forest fires, which have been shown to have severe
health impacts (Analitis et al., 2012). Future climate
change is very likely to increase the frequency, intensity
and duration of heat waves.
Extreme cold can also significantly affect human health.
The physiological and pathological effects of short‑term
exposure to cold are well known (Holmér et al., 2012).
People with cardiovascular and respiratory diseases

and the elderly are potentially more susceptible to the
effects of cold spells (Ryti et al., 2015). Excess winter
mortality in Mediterranean countries is higher than in
northern European countries, and deaths often occur
several days or weeks after the coldest day of a cold
period (Healy, 2003; Analitis et al., 2008).
As well as extreme temperature events, 'non‑extreme'
temperatures outside a local comfort temperature
range are also linked to increased mortality and other
adverse health outcomes. The effects of heat occur
mostly on the same day and in the following three
days, whereas cold effects were greatest two to three
weeks after the event (WHO, 2011; Ye et al., 2011).
A multi‑country global observational study found
that moderate temperatures, rather than extreme
temperatures, represented most of the total health
burden (Gasparrini et al., 2015). The development of
adaptation strategies according to local conditions
should treat heat and cold extremes separately
(Dear and Wang, 2015).
The capacity to adapt to the effects of heat and cold
in Europe is high compared with other world regions,
but there are important differences in the impacts of
heat and cold and in the capacity to respond between
and within the European sub‑regions. Adaptations
to buildings or work practices are likely to be needed
to maintain labour productivity during hot weather
(IPCC, 2014b).
Past trends
In large parts of Europe, summertime temperature
records, which are associated with prolonged heat
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waves, have increased substantially in recent decades
(see Section 3.2.3). The summer of 2003 broke
temperature records in large parts of western Europe;
temperature records were again broken in different
parts of Europe during the summers of 2006, 2007,
2010, 2013, 2014 and 2015 (Barriopedro et al., 2011;
Coumou et al., 2013). The record warm summer
of 2003 was an outstanding example of increased
mortality during periods of extreme temperatures, with
an estimated premature mortality of 70 000 people
in Europe (Robine et al., 2008). The heat waves of the
summer of 2015 caused more than 3 000 deaths in
France alone (CRED, 2016).
The largest effect of heat has been observed among
the elderly, but in some cities younger adults have
also been affected (D'Ippoliti et al., 2010; Baccini
et al., 2011). Elderly people are more vulnerable to
the effects of heat waves, owing, in part, to poorer
physical health and the effects of cognitive impairment
on the perception of heat‑related health risk; this is
the population considered most at risk of heat‑related
mortality (Josseran et al., 2009). In addition to the
elderly, those with chronic diseases and persons of
lower socio‑economic status also have a heightened
risk of heat‑related mortality (Wolf et al., 2015).
Furthermore, health risks during heat extremes are
greater in people who are physically very active. This
has importance for outdoor recreational activities,
and it is especially relevant for the impacts of climate
change on occupational health (e.g. for manual
labourers) (Lucas et al., 2014).
The above‑mentioned multi‑country global
observational study found that (moderate) cold
was responsible for a higher proportion of deaths
than (moderate) heat. The study collected data for
daily mortality, temperature and other confounding
variables from Italy (11 cities, 1987–2010), Spain
(51 cities, 1990–2010), Sweden (one county, 1990–2002),
the United Kingdom (10 regions, 1993–2006) and other
areas outside Europe (Gasparrini et al., 2015). The results
should be interpreted with caution when applied to
other regions that were not included in the database.
Figure 5.6 shows the overall cumulative exposure–
response curves for four European cities with the
corresponding minimum mortality temperature and
the cut‑oﬀs used to define extreme temperatures. Risk
increases slowly and linearly for cold temperatures
below the minimum mortality temperature, although
some locations (e.g. London and Madrid) showed a
higher increase for extreme cold than others. Risk
generally escalated quickly and non-linearly at high
temperatures. Deaths attributable to extreme heat are
roughly as frequent as those attributable to moderate
heat, while those attributable to extreme cold are
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negligible compared with those caused by moderate
cold (Gasparrini et al., 2015). Other studies have
estimated that 1.6–2.0 % of total mortality in the warm
season is attributable to heat; about 40 % of these
deaths occur on isolated hot days in periods that would
not be classified as heat waves (Baccini et al., 2011;
Basagaña et al., 2011).
Comparison of these estimates should be made with
caution, as not only the methods used to estimate the
excess deaths, but also the exposures were different.
The impact of high temperatures later in the summer
is sometimes diminished after an early heat wave. In
Europe, heat waves occurring in June result in relatively
high mortality compared with those occurring later in
the summer (WMO and WHO, 2015).
Synergistic effects between high temperature and air
pollution (PM10 and ozone) have been observed to have
led to an increase in hospital admissions as a result of
cardiovascular and respiratory diseases. Furthermore,
long warm and dry periods, in combination with other
factors, can lead to forest fires, which can also have
severe health impacts (Analitis et al., 2012, 2014;
Aström et al., 2013).
Projections
It is virtually certain that heat extremes will continue
to become more frequent over most land areas in the
future (see Section 3.2.3). The number of monthly heat
records globally is projected to be more than 12 times
as high under a medium global warming scenario by
the 2040s as in a climate with no long-term warming
(Coumou et al., 2013). The projected return period
of extreme heat events, such as those experienced
in 2003 in western Europe, will signiﬁcantly shorten.
This increase in heat extremes will lead to a marked
increase in heat-attributable deaths under future
warming, unless adaptation measures are taken. Highly
urbanised areas are projected to be at an increased
risk of heat stress compared with surrounding areas.
Projections of future heat effects on human health
need to consider that the European population is
projected to age (see Section 6.1), because elderly
populations are especially vulnerable (Lung et al., 2013;
Watts et al., 2015).
Several studies have estimated future heat-related
mortality in Europe using similar methods and have
arrived at largely comparable results, namely PESETA,
ClimateCost and PESETA II (Ciscar et al., 2011; Kovats
et al., 2011; Watkiss and Hunt, 2012; Paci, 2014).
The PESETA study estimates that, without adaptation
and physiological acclimatisation, heat-related mortality
in Europe would increase by between 60 000 and
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Figure 5.6

Overall cumulative exposure–response associations in four European cities
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Source:

Adapted from Gasparrini et al., 2015. © Gasparrini et al. Open Access article distributed under the terms of CC BY.

165 000 deaths per year by the 2080s compared
with the present baseline, with the highest impacts
in southern Europe. The results vary across climate
models and emissions scenarios, with high emissions
scenarios leading to much higher heat-related mortality
than low emissions scenarios. Heat-related mortality
would be significantly lower under full acclimatisation
if, for example, currently cool regions were able to
achieve the temperature–mortality relationship of
currently warm regions (Ciscar et al., 2011; Huang et al.,
2011). The results from the PESETA II study confirm,
to a large extent, the results of earlier assessments
(in particular, those from the PESETA and ClimateCost

projects), although with slightly higher impacts (both
in physical and economic terms) (Ciscar et al., 2014).
Comparable estimates were made by the WHO for the
WHO European Region (Hales et al., 2014; Honda et al.,
2014).
Another study estimates that climate change
will lead to an increase in hospital admissions
owing to heat‑related respiratory diseases from
11 000 admissions (0.18 %) in the period 1981–2010
to 26 000 (0.4 %) in 2021–2050. The total number of
hospital admissions and the increase as a result of
climate change are largest in southern Europe, with the
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proportion of heat‑related admissions for respiratory
conditions expected to approximately triple in this
region over this time period (Aström et al., 2013).
The PESETA study estimated that cold-related mortality
would decrease by between 60 000 and 250 000 deaths
per year by the 2080s, which is about the same
magnitude as the projected increase in heat-related
mortality (Ciscar et al., 2011). The PESETA II study no
longer considers a potential reduction in cold-related
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mortality in its climate impact estimates (Paci, 2014).
The choice not to include cold spells reflects recent
evidence that does not suggest a significant shift in
the balance of deaths between winters and summers
because of lower cold-related mortality (Aström et al.,
2013; Ebi and Mills, 2013; Kinney et al., 2015). However,
the risk from (moderate) cold is expected to continue
to account for most of the temperature-related risk
throughout this century (Vardoulakis et al., 2014;
Arbuthnott et al., 2016).
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5.2.5 Vector-borne diseases

Key messages
• The transmission cycles of vector-borne diseases are sensitive to climatic factors, but disease risks are also affected by
factors such as land use, vector control, human behaviour, population movements and public health capacities.
• Climate change is regarded as the principal factor behind the observed move of the tick species Ixodes ricinus — the
vector of Lyme borreliosis and tick-borne encephalitis in Europe — to higher latitudes and altitudes. Climate change is
projected to lead to further northwards and upwards shifts in the distribution of Ixodes ricinus.
• It is generally suspected that climate change has played (and will continue to play) a role in the expansion of other disease
vectors, notably the Asian tiger mosquito (Aedes albopictus), which can disseminate several diseases including dengue,
chikungunya and Zika, and Phlebotomus species of sandflies, which transmit leishmaniasis.
• The unprecedented upsurge in the number of human West Nile fever infections in the summer of 2010 in south-eastern
Europe was preceded by extreme hot spells in this region. High temperature anomalies in July were identified as
contributing factors to the recurrent outbreaks in the subsequent years.

Relevance
Climate change can lead to significant shifts in the
geographic and seasonal distribution ranges of
vector‑borne diseases in Europe (Semenza and Menne,
2009), but there remain significant knowledge gaps
related to attributing historical shifts in infectious
disease transmission to climate change, as well as to
projecting future transmission patterns (Altizer et al.,
2013; Rodó et al., 2013; Ostfeld and Brunner, 2015;
Parham et al., 2015).
Climate can affect vector-borne diseases by affecting
the life cycles of disease vectors and the replication
rates of viruses and parasites inside vectors and
human hosts. Temperature increases may shorten
the life cycles of vectors and the incubation periods of
vector-borne pathogens, thereby potentially leading
to larger vector populations and higher transmission
risks, but beyond certain thresholds pathogen growth
in vectors might be interrupted. Over the longer term,
seasonal changes could affect both vectors and host
animals, as well as human behaviours and land-use
patterns, thereby further influencing the geographical
distribution, seasonal activity and overall prevalence of
vector-borne diseases in Europe (Lindgren et al., 2012).
Furthermore, climatic suitability is essential for the
arrival, establishment and spread of 'exotic' diseases
that are not currently established in continental Europe
(Randolph and Rogers, 2010). However, in addition to
climate change, the risk of communicable diseases is
also affected by a wide range of ecological, economic
and social factors, such as land-use patterns and
agricultural practices; biological diversity; the capacity
of public health systems; travel, trade and migration;

and human behaviours affecting individual risk factors
(Jones et al., 2008; Suk and Semenza, 2011; McMichael,
2013). Thus, vulnerabilities to health systems and
populations must also be accounted for alongside
climatic changes when assessing future infectious
disease risks (Suk et al., 2014).
Past trends: tick-borne diseases
Tick-borne encephalitis (TBE) and Lyme borreliosis
(Lyme disease) are the two most important tick-borne
diseases in Europe, both of which are transmitted
primarily by Ixodes ricinus. Lyme disease is the most
common vector-borne disease in the EU, with a
reported incidence of approximately 65 000 cases
per year. However, there is no standardised case
definition or diagnosis for Lyme disease in Europe,
so this number represents only a best estimate. The
number of reported cases of TBE in the EU was 2 560
during 2012. The mean annual reporting of TBE cases
has increased by approximately 400 % in European
endemic areas over the past 30 years, although this is
almost certainly the result of more robust detection
methods and diagnosis (Medlock et al., 2013; ECDC,
2014).
A key determinant of the number of reported cases is
the abundance of ticks, a factor which is sensitive to
climatic variables, notably temperature and humidity.
Currently, Ixodes ricinus is present across much of
continental Europe (Map 5.2). There have already
been reports on the northerly migration of the tick
species in Sweden (Jaenson et al., 2012), and to higher
altitudes in the Czech Republic and Austria (Daniel
et al., 2003; Heinz et al., 2015). Range shifts have also
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been observed in Germany and Norway (Semenza and
Menne, 2009).

tick-borne diseases may be sensitive to climate change.
Some models have suggested that the Mediterranean
basin has become suitable for an expansion of
Crimean–Congo haemorrhagic fever (Maltezou and
Papa, 2010), but demographic factors, farming practices
and land-use change may be more important drivers
(Estrada-Peña, Jameson, et al., 2012). The distribution
of Rickettsia has also expanded in recent years, but
the reasons for this are not yet well understood
(Gouriet et al., 2006), and few if any recent studies have
interrogated the links between rickettsia diseases and
climate change.

A high incidence of tick-borne disease is correlated
with mild winters and warm, humid summers in
Hungary, Slovakia and Sweden, although this could
be the result of climate effects on human behaviour
(Ostfeld and Brunner, 2015). A high risk of Lyme
disease has been associated with mild winters, high
summer temperatures, low seasonal variation of
temperatures and high scores on vegetation indices
(Estrada-Pena et al., 2011). There are considerable
differences between the distribution of ticks and the
observed incidence of TBE (Süss et al., 2006). It is not
currently possible to assess the relative importance
of climatic changes and of other factors influencing
disease incidence, including vaccination coverage,
tourism patterns, public awareness, distribution of
rodent host populations and socio-economic conditions
(Randolph, 2008). There is limited evidence that other

Map 5.2
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Past trends: mosquito-borne diseases
Mosquito habitats are influenced by temperature,
humidity and precipitation levels. The Asian tiger
mosquito (Aedes albopictus) is an important vector
in Europe for transmitting viral diseases, including
Zika, chikungunya and dengue. The first record of its
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The map shows the current distribution of the tick species Ixodes ricinus in Europe at the 'regional' administrative level (NUTS3). The map
is based on published historical data and confirmed data provided by experts from the countries as part of the VectorNet project (94).
However, there is underreporting because the data are not reportable by law.

Source:

Copyright © 2016 European Centre for Disease Prevention and Control (ECDC) and the European Food Safety Authority (EFSA).
Reproduced with permission.

(94) http://ecdc.europa.eu/en/activities/diseaseprogrammes/emerging_and_vector_borne_diseases/Pages/VBORNET.aspx.
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Mosquito-borne diseases have not been a substantial
concern within Europe until recently. However,
locally transmitted (i.e. autochthonous) outbreaks of
chikungunya, dengue and even malaria have occurred
in recent years (ECDC, 2014). Several disease outbreaks
transmitted by Aedes. albopictus have been reported
in Europe: chikungunya in Italy and in France in 2010,
2014 and 2015, as well as local transmissions of
dengue in France and Croatia in 2010 (Rezza et al.,
2007; La Ruche et al., 2010; Gjenero-Margan et al.,
2011; Grandadam et al., 2011; Delisle et al., 2015).
Heavy rainfall events may have increased the risk of the
autochthonous transmission of chikungunya in France
in 2014 by leading to a rapid rise in vector abundance
(Roiz et al., 2011; ECDC, 2015). No autochthonous
transmission of dengue has been reported in Europe
since 2010.

establishment was in Italy in 1990, and Aedes albopictus
is now present in several EU Member States and in
some countries neighbouring the EU (Map 5.3). It has
substantially extended its range in recent years, aided
by trade and travel. It is generally suspected that climate
change has also played a role in this expansion, but the
extent to which this is the case is unclear (Caminade
et al., 2012). The introduction and geographical
expansion of the distribution of Aedes albopictus within
Europe has coincided with favourable climatic suitability
for the mosquito in the Balkans, Italy, France and
Benelux and in western Germany, on the eastern coast
of Spain and on the eastern coast of the Adriatic Sea
(Caminade et al., 2012). Other parts of Europe are also
climatically suitable for Aedes albopictus, even if they
have not recorded the presence of the vector (Map 5.4)
(Rogers et al., 2014; Proestos et al., 2015).

Map 5.3
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The map shows the current distribution of the invasive mosquito species Aedes albopictus in Europe at the 'regional' administrative
level (NUTS3). The map is based only on confirmed data (published and unpublished) provided by experts from the countries as part
of the VectorNet project (95). However, there is underreporting because the data are not reportable by law. Red shows that established
populations (evidence of reproduction and overwintering) of the species have been observed in at least one municipality within the
administrative unit. Yellow shows that the species has been introduced (but without confirmed establishment) in the administrative unit
within the last five years of the distribution status date. Green shows that field surveys or studies on mosquitoes were conducted with
no introduction (during the last five years) and no established population of the species having been reported. Dark grey shows that no
data for the last five years are available to local experts.

Source:

Copyright © 2015 European Centre for Disease Prevention and Control. Reproduced with permission.

(95) http://ecdc.europa.eu/en/activities/diseaseprogrammes/emerging_and_vector_borne_diseases/Pages/VBORNET.aspx.
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Map 5.4
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Climatic suitability for the mosquitos Aedes aegypti and Aedes albopictus in Europe
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The map shows climatic suitability for the mosquitos Aedes aegypti (left) and Aedes albopictus (right) in Europe. Shades of green indicate
conditions that are not suitable for the vector (darker being the most unsuitable), whereas yellow to red colours indicate conditions that
are increasingly suitable for the vector. Grey indicates that no prediction is possible.

Source:

ECDC, 2012. Copyright © 2012 European Centre for Disease Prevention and Control. Reproduced with permission.

The risk of travellers importing Zika, dengue or
chikungunya coincides with the seasons and locations
of active Aedes albopictus in Europe (Semenza et al.,
2014). With continued expansion of Aedes albopictus
in continental Europe, the risk of further introduction
and transmission of Zika, chikungunya and dengue will
continue to exist. The risk of chikungunya introductions
into Europe via returning travellers has probably
increased following the large-scale outbreak of
chikungunya that began in the Caribbean in late 2013
and has subsequently continued in many American
countries (Van Bortel et al., 2014).
Aedes albopictus is not the primary vector for dengue
and, although some parts of Europe are currently
climatically suitable to its primary vector (Aedes
aegypti), the risk of significant dengue transmission
in continental Europe is currently very low, providing
that the vector remains unestablished and control
measures are in place (ECDC, 2012). Aedes aegypti has,
however, been responsible for dengue outbreaks in
European territories, such as the 2013 outbreak in
Madeira, Portugal (ECDC, 2013).
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Malaria was largely eradicated in Europe in the second
half of the 20th century. However, the malaria vectors
(Anopheles mosquitos) are still present in much of the
European Union, and a few sporadic cases of local
transmission occur each year (Florescu et al., 2011).
The risk of malaria re-establishment in a particular
region depends on climatic and ecological factors,
as well as human vulnerabilities to infection. During
2009–2012, Greece experienced autochthonous malaria
transmission; temperature and other environmental
variables were identified as determinants of
environmental suitability (Sudre et al., 2013). However,
socio-economic development is a key mitigating factor
of malaria risk (Gething et al., 2010), which therefore
remains very low throughout Europe.
West Nile virus (WNV) infections in humans can be
quite severe, particularly among the elderly, but many
other cases can go unnoticed (more than 60 % are
asymptomatic) and occur through mosquito (Culex
species) bites. Cases can also be acquired through blood
transfusion or organ, tissue and cell transplantations
and, although rare, such cases have been reported
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(Petersen et al., 2013). Since 2010, there have been
annual outbreaks in south‑eastern and eastern Europe,
suggesting an endemic transmission cycle and thus
a resurgent public health problem (Map 5.5) (Paz
and Semenza, 2013; Semenza et al., 2016). Positive
temperature anomalies from the monthly averages
were the most important determinants of the 2010 WNV
outbreak (Paz et al., 2013). Over the subsequent years,
other environmental drivers (besides temperature)
were also identified as important, such as the state
of vegetation, water bodies (modified normalised
difference water index) and bird migratory routes (Tran
et al., 2014; Marcantonio et al., 2015).

Greece and neighbouring countries, while Leishmania
infantum is endemic in the Mediterranean region of the
EU. Sandfly vectors currently have wider distribution
ranges than the parasites. The evidence for an impact
of climate change on the distribution of the sandfly in
Europe is scarce (Ready, 2010). Climate change was
suggested as one possible reason for the observed
northwards expansion of sandfly vectors in Italy (Maroli
et al., 2008). The contemporary risk for central Europe
has been estimated to be low owing to temperature
constraints on pathogen growth (Fischer et al., 2010).

Past trends: sandfly-borne diseases

Cold temperatures appear to determine the altitudinal
and latitudinal limits of Ixodes ricinus (Ostfeld and
Brunner, 2015). Thus, an expansion of the distribution
range of ticks to higher altitudes and latitudes is
projected, as milder winter temperatures, longer
vegetation seasons and earlier onsets of summer
appear and warmer temperatures occur, under the
condition that their natural hosts (deer) would also shift
their distribution (Jaenson and Lindgren, 2011). One

Leishmaniasis is the most common disease transmitted
by phlebotomine sandflies in Europe. The transmission
of the two parasites responsible for this disease that
are endemic in the EU (Leishmania infantum, causing
visceral leishmaniasis, and Leishmania tropica, causing
cutaneous leishmaniasis) is heavily influenced by
temperature. Leishmania tropica occurs sporadically in

Map 5.5
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Projections: tick-borne diseases
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The map shows districts with probable and confirmed cases of West Nile virus infections, as of 20 November 2014.

Source:

Adapted from Semenza et al., 2016.
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climate projection model anticipates a 3.8 % overall
habitat expansion for Ixodes ricinus in Europe by
2040–2060, with expansion into higher altitudes and
latitudes (notably Scandinavia and the Baltic countries)
and a contraction in some areas including the Alps,
the Pyrenees, the interior of Italy and north-western
Poland (Boeckmann and Joyner, 2014). This aligns
with other models of climate change that anticipate
Ixodes ricinus range expansions under climate change
scenarios (Estrada-Peña, Ayllón, et al., 2012; Porretta
et al., 2013), but it has been acknowledged that
many uncertainties exist in these models and that
extrapolating the projected habitat range of ticks to
generate projections of the incidence of tick-borne
disease leads to additional uncertainties.
Nonetheless, the incidence of TBE may shift to higher
altitudes and latitudes along with the distribution of
Ixodes ricinus, potentially increasing the risk in some
parts of northern and central Europe, unless targeted
vaccination programmes and TBE surveillance are
introduced. Similarly, TBE risk is generally expected
to decrease in southern Europe. Warmer winters
may facilitate the expansion of Lyme disease to
higher latitudes and altitudes, particularly in northern
Europe, but it would decrease in the parts of Europe
that are projected to experience increased droughts
(Semenza and Menne, 2009).
Projections: mosquito-borne diseases
Various studies have found that warm seasonal and
annual temperature and sufficient rainfall provide
favourable climatic conditions for Aedes albopictus
in Europe (Roiz et al., 2011). The climatic suitability
for Aedes albopictus is projected to increase where
climate models project warmer and wetter climates,
such as south-eastern United Kingdom (Medlock
and Leach, 2015), the Balkans and central Europe,
while suitability generally decreases where climate
becomes drier, such as in some regions of Spain and
Portugal (Caminade et al., 2012). This corresponds
with a modelling study that demonstrated a general
decline in habitat suitability in southern Europe and
the Mediterranean area, and an increase in habitat
suitability in northern and eastern European countries
(Proestos et al., 2015).
The risk of chikungunya may increase in Europe,
particularly in those regions where the seasonal
activity of Aedes albopictus aligns with the seasonality
of endemic chikungunya infections abroad, thereby
potentially increasing the risk of importation via
travellers (Charrel et al., 2008). Models of chikungunya
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transmission in Europe under climate change
scenarios have identified France, northern Italy and
the Pannonian Basin (east-central Europe) as the
areas at highest risk, with increases in the level of risk
in much of western Europe, including the Benelux
countries and Germany. In contrast, Mediterranean
regions demonstrated a decreased risk, although
the models suggested that they will mostly remain
climatically suitable for chikungunya transmission
(Map 5.6) (Fischer et al., 2013).
A climate-related increase in the density or active
season of Aedes albopictus could lead to a small
increase in the risk of dengue in Europe. The risk could
also increase if the temperature increase facilitated
the re-establishment of Aedes aegypti, the primary
dengue vector. Further modelling studies are required
to assess whether climate change would increase or
decrease the climatic suitability for Aedes aegypti in
continental Europe.
Some malaria models suggest that there will be
increased suitability for malaria transmission in
continental Europe under future climate change,
but projected malaria impacts are highly sensitive to
model design (Caminade et al., 2014). Nevertheless,
socio-economic development, land-use and public
health control measures would most likely be
sufficient to mitigate the risk of malaria at the fringes
of its distribution, despite the likelihood of sporadic
introductions of the parasite through global travel
(Semenza et al., 2014).
Climate change has previously not been expected
to have a significant impact on WNV transmission
in Europe (Gale et al., 2009; Gould and Higgs,
2009). However, climate change could influence the
transmission of the virus by affecting the geographical
distribution of vectors and pathogens, by changing the
migratory patterns of bird populations and through
changes in the life cycle of bird-associated pathogens.
Temperature increases could also play a role. The
WNV risk in Europe has been projected into 2025
and 2050, with July temperature projections under a
medium emissions scenario (SRES A1B), keeping other
variables constant (e.g. state of vegetation, water
bodies and bird migratory routes) (Semenza et al.,
2016). The results reveal a progressive expansion of
areas with an elevated probability for WNV infections,
particularly at the edges of the transmission areas
(Map 5.7). Projections for 2025 show an increased
probability of WNV infection in eastern Croatia,
north‑eastern Greece and north-western Turkey;
high‑risk areas will have expanded even more by 2050.
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Map 5.6
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The map shows the risk for chikungunya transmission in Europe. It was generated by combining temperature requirements of the
chikungunya virus with the climatic suitability of the vector Aedes albopictus. Projections for different time frames are based on
projections by the regional climate model COSMO-CLM for two emissions scenarios (A1B, a medium emissions scenario, and B1, a low
emissions scenario). The 'current situation' refers to the 1960–1990 baseline climate.

Source:

Adapted from Fischer et al., 2013. © 2013 Fischer et al.; licensee BioMed Central Ltd. Open access article distributed under the terms of
the Creative Commons Attribution License.

Projections: sandfly-borne diseases
Future climate change could have an impact on
the distribution of leishmaniasis by affecting
the abundance of vector species and parasite
development. Recent modelling indicates that the
central European climate will become increasingly
suitable for Phlebotomus species of sandflies (Fischer
et al., 2011). One modelling study concluded that, by
the end of the 2060s, France, Germany, western Poland
and southern United Kingdom could be colonised by

sandfly species, principally Phlebotomus ariasi and
Phlebotomus pernicious, while the entire Mediterranean
Basin, Balkan Peninsula and Pannonian Basin would
all be potentially climatically suitable habitats for
many Phlebotomus species (Trájer et al., 2013). Such
expansions of sandfly species would increase the risk
of leishmaniasis, but may be somewhat constrained
by the limited migration ability of sandflies. The risk of
disease transmission may also decrease in some areas
in southern Europe where climate conditions become
too hot and dry for vector survival.
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Map 5.7
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The map shows the predicted probability of districts with West Nile virus infections based on July temperatures for A1B scenario projections
for 2025 (left) and 2050 (right).

Source:

Adapted from Semenza et al., 2016.
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5.2.6 Water- and food-borne diseases

Key messages
• It is not possible to assess whether past climate change has already affected water- and food-borne diseases in Europe,
but the sensitivity of pathogens to climate factors suggest that climate change could be having effects on these diseases.
• The number of vibriosis infections, which can be life-threatening, has increased substantially in Baltic Sea states since
1980. This increase has been linked to observed increases in sea surface temperature, which has improved environmental
conditions for Vibrio species blooms in marine waters. The unprecedented number of vibriosis infections in 2014 has
been attributed to the unprecedented 2014 heat wave in the Baltic region.
• Increased temperatures could increase the risk of salmonellosis.
• The risk of campylobacteriosis and cryptosporidiosis could increase in those regions where precipitation or extreme
flooding is projected to increase.
• Climate change can have an impact on food safety hazards throughout the food chain.

Relevance
A rise in air and water temperature, extreme
precipitation events, seasonal changes, storms,
droughts and flooding, associated with climate change,
can have implications for food- and water‑borne
diseases in Europe (Semenza, Herbst, et al., 2012;
Semenza, Houser, et al., 2012) (Table 5.3). These
climatic events can alter growth rates of pathogens,
contaminate drinking, recreational and irrigation water,
and disrupt water treatment and sanitation systems.
Conversely, potential impacts will be modulated by
the quality of food safety measures, the capacity and
quality of water treatment systems, human behaviour
and a range of other conditions.
High air temperatures can adversely affect food quality
during transport, storage and handling. Elevated
marine water temperatures accelerate the growth
rate of certain pathogens, such as Vibrio species that
can cause food-borne outbreaks (seafood). On rare
occasions, they may lead to severe necrotic ulcers,
septicaemia and death in susceptible individuals
exposed during bathing in contaminated marine
environments. Floods and increased water flows can
lead to the contamination of drinking, recreational
or irrigation water and thus can increase the risk of
water‑borne diseases, such as cryptosporidiosis.
Attributing past trends in these diseases, or individual
outbreaks, to climate change is very challenging, owing
to data gaps for selected pathogens and climatic
determinants. For example, legionnaires' disease is
associated with temperature and vapour pressure but
not with climate change per se (Conza et al., 2013).

The current knowledge on the relationship between
climatic factors and the risk associated with several
climate‑sensitive food- and water-borne diseases
(caused by bacteria, viruses and parasites) in Europe is
presented in Table 5.3.
Vibrio species (non-cholera)
Brackish water and elevated ambient temperature
are ideal environmental growth conditions for certain
Vibrio species. These conditions can be found during
the summer months in estuaries and enclosed water
bodies with moderate salinity, such as the Baltic Sea.
In contrast, open ocean environments do not offer
appropriate growth conditions for these bacteria owing
to the high salt content, lower temperature and limited
nutrient content. Of the most relevance to human
health are the Vibrio species that can cause vibriosis
infections, including Vibrio parahaemolyticus, Vibrio
vulnificus and the non-toxigenic Vibrio cholerae.
Elevated levels of non-cholera Vibrio species infections
have been observed during extended hot summer
seasons with water temperatures above 20 °C in the
Baltic Sea and the North Sea (Hemmer et al., 2007;
Baker-Austin et al., 2012; Sterk et al., 2015). The
availability of data is best for the Baltic Sea region,
where a recent analysis found strong links between the
temporal and spatial peaks in sea surface temperatures
and the number and distribution of Vibrio infections.
Figure 5.7 shows the observed and projected levels
of Vibrio infections in the Baltic Sea region from 1982
to 2010, which was a period of unprecedented sea
surface temperature warming (see also Section 3.1)
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Table 5.3

Demonstrable links between climatic variables and selected pathogens
Campylobacter

Salmonella

Listeria

Vibrio

Cryptosporidium

Norovirus

Temperature
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Extreme temperature



?

?





?

Temperature threshold





?





?

Precipitation
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?

Precipitation pattern (a)



?

?

?





Extreme precipitation
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?







Humidity







?

?

?

UV light











?

Seasonality





?







Salinity

O

O

O



O

O

Floods





?







Drought



?

?

O



?

Storms

?

?

?



?

?

Irrigation (b)

?



?

O



?

Recreational activities





?







Shellfish production









?



Consumption habits













Note:

(a) For example, seasonality of rain events.
(b) Water.

 = impact; O = no impact; ? = impact unknown.
Source:

Semenza et al., 2012.

(Baker‑Austin et al., 2012). Increased numbers of
infections can be expected based on the effects of
increased temperatures under climate change scenarios.
Map 5.8 presents Vibrio risk maps for 2006 (left) and
2050 under elevated sea surface temperature (right).
The projected increase in risk is substantial, but the
absolute increase is projected to be modest owing to
low current incidence rates. More recent studies in this
region suggest that this warming trend has continued,
with the July 2014 heat wave experienced in Sweden
and Finland leading to an unprecedented number of
Vibrio wound infections reported in the region, many
at extremely high latitudes (e.g. > 65 N) (Baker-Austin
et al., 2016). Environmentally acquired Vibrio infections
in humans associated with particularly high sea surface
temperatures have also been reported along the North
Sea coast of Europe in recent years (Vezzulli et al., 2016).
Bacterial Vibrio blooms in coastal water can be
monitored on the E3 Geoportal developed by the
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ECDC (ECDC, 2016). The tool uses daily updated
remotely sensed data to examine environmentally
suitable conditions for Vibrio species in coastal waters
internationally.
Cryptosporidium
Cryptosporidiosis is an acute diarrhoeal disease caused
by intracellular protozoan parasites, Cryptosporidium
species. Transmission is through the faecal–oral route
via contaminated water, soil or food products, and the
most commonly identified vehicles are contaminated
drinking water and contaminated recreational water.
For example, several days of heavy rain in June 2013
resulted in river flooding in eastern Germany, and
activities in the dried out floodplain led to infection
among children (Gertler et al., 2015). Heavy rainfall has
also been associated with the contamination of water
supplies and outbreaks of cryptosporidiosis (Aksoy
et al., 2007; Hoek et al., 2008), as the concentration
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Figure 5.7

Time series of Baltic Sea Vibrio cases
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The solid line in this figure shows the observed cases and dotted line shows the GLM model predictions based on the influence of
maximum sea surface temperature and time.
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Adapted from Baker-Austin et al., 2012.
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of Cryptosporidium oocysts in river water increases
significantly during rainfall events. Dry weather
conditions preceding a heavy rain event have also
been associated with drinking water outbreaks (Nichols
et al., 2009). Thus, heavy precipitation can result in
the persistence of oocysts in the water distribution
system and the infiltration of drinking water reservoirs
from springs and lakes. Inadequate barriers to remove
or inactivate Cryptosporidium in the public water
supply have in the past resulted in a large outbreak of
Cryptosporidium in Sweden (Widerstrom et al., 2014).

associated with average rainfall in the wettest month
(Ahmed et al., 2013). Water-borne transmission of
the virus is probably influenced by rainfall, causing
norovirus seasonality (Marshall and Bruggink, 2011).
The magnitude of rainfall has also been related to viral
contamination of the marine environment and with
peaks in diarrhoea incidence (Miossec et al., 2000).
The predicted increase of heavy rainfall events under
climate change scenarios could lead to an increase in
norovirus infections because floods are known to be
linked to norovirus outbreaks.

Campylobacter

Salmonella

In Europe, campylobacteriosis is the most common
bacterial cause of diarrhoeal disease. The association of
campylobacteriosis with a number of weather-related
factors, such as temperature, rainfall, humidity and
sunshine is inconsistent and lacks a clear explanatory
mechanism, as Campylobacter does not replicate outside
its animal host. There is a clear seasonality to the data
in a number of European countries, with more cases
during the summer months, and an association with the
ambient temperature that preceded the diagnosis of the
cases by 10 to 14 weeks (Nylen et al., 2002). Temperature
has also been found to be linked to cases in a number
of studies from England and Wales (Louis et al., 2005;
Tam et al., 2006; Nichols et al., 2012) but not in other
countries (Kovats et al., 2005). Rain in early spring can
trigger campylobacteriosis outbreaks (Louis et al., 2005).
With the projected increase in heavy rainfall events in
northern Europe, the risk of surface and groundwater
contamination is expected to rise. Climate change might
increase the use of rainwater for irrigation or drinking
water during times of drought in certain locations.

Salmonellosis is the second most commonly reported
gastrointestinal infection and an important cause of
food-borne outbreaks in Europe. However, overall
reported cases of salmonellosis have declined steadily
for several years in Europe, in part because of control
measures implemented in poultry production. An
increase in weekly temperature has been associated
with an increase in salmonellosis in different settings
(Naumova et al., 2006; Zhang et al., 2007; Nichols
et al., 2009). Seasonal temperatures have been linked
to salmonellosis cases, but public health interventions
can attenuate the effect of warmer temperature.
Extreme precipitation events that result in faecal
contamination events have also been associated with
salmonellosis (Craig et al., 2003; Martinez-Urtaza
et al., 2004). Floods caused by heavy rainfall events
may disrupt water treatment and sewage systems
and contribute to increased exposure to Salmonella
species and other pathogens.

Norovirus
Norovirus is the most common cause of viral
diarrhoea in humans with a pronounced winter
seasonality. Food-borne norovirus outbreaks have
been linked to climate and weather events; for
example, heavy rainfall and floods may lead to
wastewater overflow which can contaminate shellfish
farming sites. Flood water has been associated with
a norovirus outbreak in Austria (Schmid et al., 2005).
In Europe, norovirus season strength was positively
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Available climate change projections indicate that the
average annual number of temperature-related cases
of salmonellosis in Europe may increase by almost
20 000 by the 2020s, in addition to increases expected
from population changes. Under a high emissions
scenario, climate change could result in up to 50 %
more temperature-related cases by the end of the
21st century than would be expected on the basis of
population change alone. However, these estimates
are associated with high uncertainty (Watkiss and
Hunt, 2012). Moreover, health promotion and food
safety policies can mitigate adverse impacts on public
health.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Climate change impacts on society

5.3

Agriculture

Key messages
• An increase in the duration of the thermal growing season has led to the northwards expansion of areas that are suitable
for several crops.
• Changes in crop phenology have been observed, such as the advancement of flowering and harvest dates in cereals.
These changes are expected to continue in many regions, leading to reductions in grain yield.
• Recent heat waves, droughts and floods have greatly reduced the yield of some crops. The projected increase in the
occurrence of such events would be particularly detrimental for crop production in central and southern Europe, where
such events will occur more frequently and add to current stresses. Throughout Europe, the increased frequency of
extreme events is expected to increase the risk of crop losses and impose risks on livestock production.
• Irrigation demand is projected to increase, in particular in southern Europe where there is already considerable
competition between different water users.
• Climate change is projected to improve the suitability of northern Europe for growing crops and to reduce crop
productivity in large parts of southern Europe. Projections based on different climate models agree on the direction of
the change, but with some variation in its magnitude. Furthermore, effects will differ between crop types and livestock
categories, depending on short- and long-term adaptation efforts.

5.3.1 Overview
Relevance
The cultivation of crops, their productivity and their
quality are directly dependent on different climatic
factors. Livestock are another very important part
of European agricultural systems, and livestock are
affected by climate change directly through changes in
temperature and humidity affecting animal performance
and indirectly through effects on feed production
and availability, as well as through livestock disease
prevalence (Olesen and Bindi, 2002; Gauly et al.,
2013). Climate change is already having an impact on
agriculture (Peltonen-Sainio et al., 2010; Olesen et al.,
2011) and it has been found to be one of the factors
contributing to stagnation in wheat yields in parts of
Europe, despite continued progress in crop breeding
(Brisson et al., 2010). Climate change is expected to
continue to affect agriculture in the future (Olesen et al.,
2011), and the effects will vary greatly in space across
Europe (Trnka, Olesen, et al., 2011), but may also change
over time (Trnka, Eitzinger, et al., 2011). It is generally
accepted that the productivity of crops will increase in
northern Europe owing to a lengthened growing season
and an extension of the frost-free period. In southern
Europe, climate change is likely to negatively affect
the productivity of crops and their suitability in certain
regions, primarily as a result of extreme heat events and
an overall expected reduction in precipitation and water
availability (Iglesias et al., 2010). Year-to-year variability
in yields is generally expected to increase throughout

Europe, owing to extreme climatic events and other
factors, including pests and diseases (Ferrise et al., 2011;
Kristensen et al., 2011; Trnka et al., 2014).
There is large variation across the European continent
in climatic conditions, soils, land use, infrastructure,
and political and economic conditions, which greatly
influences the responsiveness to climatic change
(Olesen et al., 2011; Trnka, Olesen, et al., 2011). Intensive
farming systems in western and central Europe generally
have a low sensitivity to climate change, because a
given change in temperature or rainfall has a modest
impact and because farmers have resources to adapt
to these changes by changing their management
approach (Reidsma et al., 2010). However, there may be
considerable differences in adaptive capacity between
cropping systems and farms depending on their
specialisation and other farm characteristics (Reidsma
and Ewert, 2008).
Policy context
With the expanding global population and increasing
wealth, there is growing concern for food security,
both globally and in a European context (Vermeulen
et al., 2012). This concern is enhanced by the many
conflicting demands on scarce land and water resources,
which are also needed for many other human uses,
including biofuels, biodiversity and recreational activities
(Soussana et al., 2012). Climate change is increasingly
seen as a threat to global food security, because
projections of climate change impacts show that rising
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temperatures have negative effects on crop yield and
water availability (Challinor et al., 2014). Agriculture
in the EU is, to a great extent, affected by the EU CAP
(EU Regulations 1305–1308/2013), which is being shaped
by concerns for food security and influenced by the
need to reduce the environmental and greenhouse
gas burdens from agricultural production systems.
However, these influencing factors on farming systems
have different time dimensions, where changes in the
agricultural policy mostly operate on a short time scale
and the need for adaptation in many cases has a longer
time horizon. Within the CAP, the need to consider the
use of various instruments is considered under the
rural development pillar for supporting adaptation, in
particular where climate change results in the need for
changes in farming systems in land use. The adaptations
are highly regionally specific depending on the local
context in terms of climate, soils and farming systems, as
illustrated in Box 5.1.
Selection of indicators
The following indicators were chosen to evaluate
selected impacts of climate change on agriculture, with
the following sections dealing with each of these in turn:
•

growing season for agricultural crops — this indicator
determines the suitability for growing agricultural
crops, as determined by temperature;

•

agrophenology — this indicator traces changes in the
timing of the annual cycle of agricultural crops;

•

water-limited crop yield — this indicator considers
potential changes in crop productivity caused by
changes in temperature, rainfall and atmospheric
CO2 concentration;

•

crop water demand — this indicator estimates
the water needs for maintaining maximum crop
yields, thereby assessing the adaptation needs of
agricultural water supply.

The concluding section describes impacts on livestock,
but not as an indicator, as the indirect effects on
livestock through feed production are partly covered by
the indicators covering water-limited crop productivity
and water requirements for irrigation. In addition, the
impacts of climate change on livestock production are
exemplified in three case study regions in Europe in
Box 5.1.
The indicators were chosen based on various criteria,
including the availability of relevant data across Europe
and the ability to identify the main drivers of agricultural
change to inform the design of adaptation policy. The
indicators presented here focus on the biophysical
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effects of changes in temperature and precipitation.
Agricultural production and land use are also, to a
great extent, driven by changes in technology and
socio‑economic conditions, which are not considered
here, although the biophysical effects will also be
relevant to changing technology and socio‑economic
conditions. As well as changes in climatic conditions,
crop yield and quality are also affected directly by
changes in atmospheric CO2 concentration through
impacts on photosynthesis and water use (Box 5.2).
Essentially, effects on crop yield in the future will be
shaped by the interaction between changes in climate,
atmospheric CO2 and technology.
Data quality and data needs
The effects of climate change on the growing season
and crop phenology can be monitored directly, partly
through remote sensing of the growing season and
partly through monitoring of specific phenological events
such as flowering. There is no common monitoring
network for crop phenology in Europe, and therefore
data on crop phenology have to be based on various
national recordings, often from agronomic experiments
(Olesen et al., 2012). Crop yield and crop requirements
for irrigation are affected not only by climate change,
but also by management and a range of socio-economic
factors (see Chapter 6). The effects of climate change on
these factors therefore have to be estimated indirectly
using agrometeorological indicators and through
statistical analyses of the interaction between climatic
variables and factors such as crop yield (Caubel et al.,
2015).
The projections of climate change impacts and
adaptation in agriculture rely heavily on modelling, and
it needs to be recognised that there is often a chain of
uncertainty involved in the projections, which range
from emissions scenarios, through climate modelling
and downscaling, to assessments of impacts using
an impact model (Ewert et al., 2015). The relevant
modelling approaches in Europe have been discussed in
a recent report of the Food and Agriculture Organization
(FAO) (Rötter and Höhn, 2015). The extent of all these
uncertainties is rarely quantified, even though some
studies have assessed uncertainties related to individual
components. The crop modelling community has only
recently started addressing uncertainties related to
modelling impacts of climate change on crop yield and
the effect of possible adaptation options (Rötter et al.,
2011; Asseng et al., 2013), and so far only a few studies
have involved livestock systems. Recently, the effects
of extreme climate events have also been included in
impact assessments (Trnka et al., 2014; Lesk et al., 2016),
but other effects such as those related to biotic hazards
(e.g. pests and diseases) still need to be explored
(Garrett et al., 2013; Launay et al., 2014).
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Box 5.1

Regional case studies from the MACSUR project

The European MACSUR project (96) has explored the impacts of and adaptations to climate change in three European case
study regions in Europe, representing different climatic conditions and farming systems (Map 5.9). The case studies are from
the North Savo region in Finland, the Mostviertel region in Austria and the Oristanese region in Sardinia (Italy). These regions
represent a north to south climate gradient in Europe, but they do not cover the climatic conditions along the Atlantic.
Map 5.9

Farming systems in Europe and location of MACSUR regional pilot studies
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(96) Modelling European Agriculture with Climate Change for Food Security (http://macsur.eu).
(97) System for Environmental and Agricultural Modelling: Linking European Science and Society (http://www.seamless-ip.org).
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Box 5.1

Regional case studies from the MACSUR project (cont.)

North Savo region (Finland)
This region covers an area of 2 million ha, of which only 7.3 % is in agricultural use, most of which is for dairy production, with
56 % of the agricultural area being grass. The milk production per cow is relatively high, but the livestock density is low. The
cereals grown are primarily spring barley and oats, covering 30 % of the agricultural area.
Climate change causes higher temperatures and rates of precipitation, especially in the winter. Both droughts and wet
conditions in the summer have been observed as becoming more frequent. The combined effect of more frequent wet
conditions, heavier axle loads with increasing farm size, and higher costs of not harvesting grass silage at the right times has
led to gradually increasing soil compaction problems, resulting in declining soil fertility. Higher temperatures, which are more
marked in winter than in summer, lead to increasing winter damage to grasslands. Melting snow and loss of snow cover,
followed by low temperatures of – 20 to – 30 °C, cause ice encasement and frost damage. Plant pests and diseases are also
becoming more abundant.
The projected increase in temperatures and in the frequency of many adverse weather conditions require long-term
investments in drainage, soil structure and other equipment. Some farmers have made such investments already, but many
farmers find them risky because of the increased volatility of input and output prices. Despite the increased frequency of
adverse weather conditions, the gradually increasing crop yield potential of grass may result in higher actual yields on farms.
This would lead to efficiency gains and cost savings. New cultivars of grass and cereals provide opportunities to increase or
retain crop yield levels. However, the projected increase in potential production in the region is not likely to be realised, as
production costs in the region are still relatively high, despite rapid structural changes.
Mostviertel region (Austria)
The Austrian Mostviertel region is a hilly to mountainous agriculturally diverse and fertile region situated in the Alpine foothills
between the Danube and the Alps. Large pear and apple trees scattered over the landscape give the region its name ('Most'
being German for 'cider'). Cropland is prevalent in the north — the main crops being maize and winter wheat — while in the
south permanent grassland dominates the agricultural landscape. Along this gradient are arable and mixed livestock farms
specialised in bull and pig fattening in the north and in dairy and suckler cow farms in the south.
The temperature change has been more pronounced in the Alps than in the northern hemisphere on average, and Alpine
temperature is expected to increase by + 1.5 °C by the middle of the 21st century. Precipitation has shown no clear trend, and
future changes in precipitation, although uncertain, are of particular importance because of the susceptibility of agricultural
land in this region to soil erosion by water (Mitter et al., 2014). An integrated modelling framework was applied on a climate
scenario of + 1.5 °C warming and at least a 20 % increase in annual precipitation. Major adaptation options include changes
in crop species and crop management (e.g. fertilisation intensity, irrigation, mowing frequency on meadows), land-use change
(e.g. conversion of permanent grassland to either cropland or forests) and changes in livestock management (e.g. livestock
numbers and feeding diets).
Until 2040, increasing temperatures accompanied by sufficient precipitation for rainfed agriculture are likely to increase crop
productivity on average, despite increasing soil erosion risks from extreme precipitation events and unknown changes in pests
and diseases. The results of the integrated modelling framework show increasing average farm gross margins between + 1 %
and + 5 %, subject to autonomous adaptation by farmers. Farmers in the region acknowledge the demand for adaptation
to climate change but also express their need for guidance on new crops, varieties and cropping techniques to manage the
emerging risks. Fertilisation levels are likely to increase, but irrigation will play a role only for high-value crops. Grasslands will
particularly benefit from climatic changes and are less susceptible to soil erosion by water. More favourable conditions may
even enhance the conversion of permanent grasslands to cropland in the long run if this is not constrained by adverse soil
conditions and steepness. However, results indicate a considerable spatial heterogeneity among farms, even within a small
landscape, mainly driven by different soil conditions.
Oristanese region (Sardinia, Italy)
This region covers 60 000 ha and is characterised by a variety of Mediterranean rainfed and irrigated farming systems. More
than half of the agricultural area is equipped for irrigation, but only 30 % is actually irrigated. Of these, some 3 000 ha are
cultivated with paddy rice and another 6 000 ha with silage maize–Italian ryegrass double crop or lucerne for dairy cattle
feeding. Horticultural crops (mainly artichokes and melon, as well as citrus fruit and vineyards) are also present. Some 50 %
of the rainfed area is managed as temporary grasslands in rotation with hay crops (30 %), which represent some 70 % of the
diet of dairy sheep (the main livestock business of Sardinia) and beef cattle grazing systems. Durum wheat, barley, oats and
triticale are also grown in this area.
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Box 5.1

Regional case studies from the MACSUR project (cont.)

The effects of climate change in the near future (2020–2030) are likely to be a rise in daily maximum temperatures in
summer of up to + 1.7 °C, a 33 % reduction of April–June rainfall and an increased frequency of storms in autumn. The
expected reduced spring rainfall will have a significant impact on rainfed pasture and the production of hay and hence on
dairy sheep farming (up to a 13 % reduction in net income). The intensive dairy cattle system will be affected mostly by
more frequent summer heat waves, resulting in up to a 6 % net income reduction because of reduced milk yield and quality,
reduced fertility and increased dairy mortality in the tourist season, when fresh milk demand is highest. A reduction in the
income from livestock farming has been projected even if currently available adaptation options are implemented. Positive
impacts of climate change are expected for rice (up to a 9 % increase in income) and winter cereals (a 2 % increase in
income), but estimates may be biased by the high sensitivity of the applied crop models to increased CO2 concentration. The
overall net income reduction in the case study area is expected to be 2.6 %.
The adoption of maize hybrid or rice varieties with later phenology may compensate for the yield reduction due to reduced
crop cycles under higher temperatures. However, given the significant impact of climate change on livestock farming that
is expected, adaptation options should be developed far beyond adjusting current farm management. This could involve
consideration of new farming systems or new interactions between farming systems, e.g. to better ensure feed supply for
livestock under climate change. However, such changes would need to be incentivised through changes in agricultural and
rural policies.

Box 5.2

Effects of enhanced atmospheric CO2

Plants are affected not only by changes in temperature and precipitation, but also by changes in atmospheric CO2
concentration, which affects crop yield and quality both directly and indirectly. Plant photosynthesis is stimulated by
enhanced CO2 in plants that have the C3 photosynthesis pathway, namely most of the crops grown in Europe, except
tropical grasses such as maize and Miscanthus, which have the C4 pathway.
The extent to which photosynthesis is stimulated and yield is increased by elevated CO2 concentrations depends on the
crop species and growing conditions (Ainsworth and Long, 2005; Wang et al., 2011). Recent experimental results also
indicate considerable differences between crop cultivars, showing that there may be scope for exploiting genetic variation
to enhance yield under higher atmospheric CO2 (Ingvordsen et al., 2015). The stimulation of growth under high CO2 has
been shown to be particularly large in legumes, as the greater availability of carbohydrates in plants stimulates biological
nitrogen fixation, although this may interact with changes in climatic conditions (Vadez et al., 2011).
Higher CO2 concentrations will reduce the stomatal conductance of all plant species, leading to reduced transpiration
and higher water use efficiency (Kruijt et al., 2008). This is of particular importance under dry conditions, where the lower
transpiration rates will delay the onset of agricultural drought and thus reduce the impact of higher transpiration rates
under warmer conditions.
The overall effect of higher atmospheric CO2 in C3 cereal crops such as wheat is to balance the yield reduction from higher
temperatures. As a result, there may be little net yield change for wheat under modest warming levels when the beneficial
effects of elevated CO2 are also considered (Makowski et al., 2015). The higher assimilation at elevated CO2 leads to a shift in
the plant carbon-to-nitrogen ratio, which affects the quality of plant biomass and crop yield. The effects differ between plant
species and some of these effects may reduce the susceptibility of plants to insect pests, reducing the need for pest control,
but also reducing the quality of feed and food, e.g. through lower protein content in grain (Högy et al., 2012).
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5.3.2 Growing season for agricultural crops

Key messages
• The thermal growing season for agricultural crops in Europe has lengthened by more than 10 days since 1992. The delay
in the end of the growing season has been more pronounced than the advance of the start of the season. The length of
the growing season has increased more in northern and eastern Europe than in western and southern Europe.
• The growing season is projected to increase further throughout most of Europe owing to the earlier onset of growth in
spring and later senescence in autumn.
• The projected lengthening of the thermal growing season would allow a northwards expansion of warm-season crops
to areas that were not previously suitable. In parts of southern Europe (e.g. Spain), warmer conditions will allow crop
cultivation to be shifted to the winter.

Relevance
The thermal growing season is a basic agroecological
indicator that shows where and when crops can
potentially be grown, assuming sufficient water,
radiation and suitable soils. The duration of the growing
season is, for a large part of Europe, defined by the
duration of the period during which the temperature
is above a certain threshold. The duration of the
frost‑free season is considered the most favourable
period for growth in many plant species (e.g. for
flowering). However, active growth of plants requires
higher temperatures and, for most of the temperate
crops grown in Europe, a threshold temperature of 5 °C
can be used (Trnka, Olesen, et al., 2011).
Past trends
Increasing air temperatures are significantly affecting
the duration of the growing season over large areas
of Europe. Many studies report a lengthening of the
period between the occurrence of the last spring
frost and the first autumn frost. This has occurred in
recent decades in several areas in Europe and more
generally in the northern hemisphere (Trnka, Brázdil,
et al., 2011). Studies of changes in the growing season
based on remote sensing show a diverse spatial
pattern in Europe (Schwartz et al., 2006). Across all of
Europe, the delay in the end of the season of 8.2 days
in the period 1992–2008 was more significant than the
advanced start of the season by 3.2 days (Jeong et al.,
2011).
An analysis of the frost-free period in Europe
between 1985 and 2014 shows a general and clear
increasing trend (Map 5.10). The trend is not uniformly
spread over Europe. The highest rates of change
(an extension of the frost-free period by more than
0.8 days per year) were recorded in eastern and
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northern Europe; little or no change was observed
along the Mediterranean coast, where frost is a rare
phenomenon.
Projections
A warming of the climate is expected to result in an
earlier start of the growing season in spring and a
longer duration in autumn. The date of the last frost in
spring is projected to advance by about 5–10 days by
2030 and by 10–15 days by 2050 throughout most of
Europe (Trnka, Olesen, et al., 2011). A longer growing
season will, in many cases, allow for the introduction
of new crop species that were previously unfavourable
owing to low temperatures or short growing seasons,
but it may also increase the spread of weeds, insect
pests and diseases (Roos et al., 2010). The suitability
for growing certain crops will also depend on the total
amount of heat received during the growing season,
expressed as a temperature sum. Projections show that
the greatest absolute increases in temperature sum
will be in southern Europe, whereas relative changes
are much larger in northern than in southern Europe
(Trnka, Olesen, et al., 2011).
The extension of the growing season is expected to
be particularly beneficial in northern Europe, where
new crops could be cultivated and where water
availability generally does not restrict growth (Elsgaard
et al., 2012). In parts of the Mediterranean area, the
cultivation of some crops may shift from the summer
season to the winter season, which could offset some
of the negative impacts of heat waves and droughts
during summer. Other areas of Europe, such as
western France and parts of south-eastern Europe, will
experience yield reductions from hot, dry summers
without the possibility of shifting the crop production
into the winter seasons (Mínguez et al., 2007; Olesen
et al., 2011).
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Map 5.10
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MARS/STAT database (98).

(98) Monitoring Agriculture with Remote Sensing — Stat Action database.
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5.3.3 Agrophenology

Key messages
• The flowering of several perennial and annual crops has advanced by about two days per decade during the last 50 years.
• Changes in crop phenology are affecting crop production and the relative performance of different crop species and
varieties. The shortening of the grain-filling phase of cereals and oilseed crops can be particularly detrimental to yield.
• Shortening of the growth phases of many crops is expected to continue, but this may be altered by selecting other crop
cultivars and changing planting dates, which in some cases can lead to longer growth periods.

Relevance
Changes in crop phenology provide important evidence
of responses to recent regional climate change (Menzel
et al., 2003). Although phenological changes are often
influenced by management practices, in particular the
sowing date and choice of cultivar, recent warming
in Europe has clearly caused the advancement of a
significant part of the agricultural calendar. Specific
stages of growth (e.g. flowering, grain filling) are
particularly sensitive to weather conditions are
critical to the final yield. The timing of the crop cycle
(agrophenology) determines the productive success
of the crop. In general, a longer crop cycle is strongly
correlated with higher yields, as a longer cycle permits
better use of the available thermal energy, solar
radiation and water resources.
Past trends
Changes in the phenological phases of several
perennial crops in Europe, such as advances in the start
of the growing season of fruit trees (2.3 days/decade),
cherry tree blossom (2.0 days/decade) and apple tree
blossom (2.2 days/decade), in line with increases of
up to 1.4 °C in mean annual air temperature, were
observed in Germany during 1961–2000 (Chmielewski
et al., 2004). Sowing or planting dates of several
agricultural crops have advanced; for example, for
oats in Germany (1959–2009), sowing has advanced by
0.2 days/decade, flowering by 1.9 days/decade, maturity
by 3.3 days/decade and harvest by 2.1 days/decade
(Siebert and Ewert, 2012). This indicates that factors
other than temperature may be affecting sowing and
harvesting dates, e.g. soil workability and grain moisture
for harvesting.
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An analysis of the modelled flowering date for winter
wheat in Europe between 1985 and 2014 shows a
general and clear increasing trend, which is most
pronounced in north-western Europe (Map 5.11). In
large parts of Europe, the modelled flowering date has
advanced by two to four days/decade. This modelled
advance in flowering date probably exceeds what is
observed in reality, as a longer growth duration will
alter plants' responses to day length and farmers'
choices of cultivars, reducing the overall response.
Projections
With the projected warming of the climate in Europe,
further reductions in the number of days required
for flowering and to reach maturity in cereals may be
expected throughout Europe (Olesen et al., 2012). Since
many plants (including cereals) in Europe require long
days to flower, the effect of warming on the date of
flowering is smaller than would otherwise be expected.
The flowering date for winter wheat was projected to
show the greatest advance in western parts of Europe,
with an advance of up to two weeks by 2050. The
projected advance in the date of reaching maturity is
greater than the advance in flowering date, leading
to a shortening of the grain-filling period, which will
negatively affect yields. One of the main adaptation
options to cope with the shortening of crop growth
phases is choosing crop cultivars that have higher
thermal requirements, as this will reduce the negative
yield effects of a shorter growth duration. In practice,
this needs to be balanced against the need to avoid
periods of high temperature stresses and drought.
Breeding for crop cultivars with optimal timing of crop
phenological phases is therefore a critical adaptation
option (Semenov et al., 2014).
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Map 5.11
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5.3.4 Water-limited crop yield

Key messages
• Yields of several rainfed crops are levelling off (e.g. wheat in some European countries) or decreasing (e.g. grapes in
Spain), whereas yields of other crops (e.g. maize in northern Europe) are increasing. These changes are attributed partly
to observed climate change, in particular warming.
• Extreme climatic events, including droughts and heat waves, have negatively affected crop productivity in Europe during
the first decade of the 21st century.
• Future climate change could lead to both decreases and increases in average yield, depending on the crop type and the
climatic and management conditions in the region. There is a general pattern of projected increases in productivity in
northern Europe and reductions in southern Europe, but with differences between crop types.
• Projected increases in extreme climatic events are expected to increase crop yield variability and to lead to yield
reductions in the future throughout Europe.

Relevance
The production of biomass in crops is the result of
the capture and conversion of solar energy through
the process of photosynthesis. However, this process
may be restricted by low (or high) temperatures or
by water limitations (Trnka, Olesen, et al., 2011).
Crop yields are affected by the combined effects of
changes in temperature, rainfall and atmospheric
CO2 concentration (Box 5.2). In practice, the
response depends on soil type, which can differ
greatly in capacity for storing soil moisture, and on
the possibilities for supplementary irrigation. Crop
yield also depends on the timing of the crop growth
and yield formation. Yields in cereal and oilseed
crops respond particularly to the duration of the
grain‑filling period (Kristensen et al., 2011). The
impacts of unfavourable meteorological conditions
and extreme events vary considerably, depending on
the timing of occurrence and the development stage
of the crops (Moriondo et al., 2011; Trnka et al., 2014;
Eyshi Rezaei et al., 2015). Changes in the occurrence
of extreme events such as heat waves, droughts,
heavy precipitation and floods will greatly affect crop
yield leading to increased variability and economic
consequences (Ciscar et al., 2011).
Past trends
A global analysis of yields of cereal crops (wheat,
maize and barley) has shown that increasing mean
temperatures in recent decades have had a negative
effect on yield (Lobell and Field, 2007). Similar effects
have been observed for various countries in Europe
(Peltonen-Sainio et al., 2011). Increasing temperatures
have been identified as one of the main causes of
the lack of yield increase in winter wheat in France,
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despite improvements in crop breeding (Brisson
et al., 2010). Grain yields in southern Europe seem
to have been levelling off. There is also a tendency
for an increasing variability of grain yields in France
and Italy, linked to the occurrence of heat waves and
droughts (Olesen et al., 2011). Similar effects of heat
haves and droughts have been observed globally,
whereas floods and intense rainfall have not been
seen to affect overall crop production (Lesk et al.,
2016). In Italy and southern-central Europe, the
potential crop yields of potato, wheat, maize and
barley significantly decreased over the time period
1976–2005 owing to temperature and radiation
change effects (Supit et al., 2010). In north-east Spain,
grape yield has been declining because of increasing
water deficits since the 1960s (Camps and Ramos,
2012). Droughts and heat waves affected the crop
production in large areas of southern and central
Europe in 2003 and 2007 (Peltonen-Sainio et al.,
2010). An increase in climate-induced variability in
maize yield has been observed over recent decades in
France (Hawkins et al., 2013).
Climate change has also shown positive effects
on yields. Potato and sugar beet have responded
positively to increasing temperatures through an
increase in yields, most likely due to the longer
growing seasons (Peltonen-Sainio et al., 2010, 2011).
In Scotland, increasing temperatures are estimated
to have increased the potential potato yield by up
to 39 % over the period 1960–2006 (Gregory and
Marshall, 2012). In parts of the United Kingdom and
parts of northern-central Europe, the yield potential of
wheat, sugar beet and maize has increased since 1976
(Supit et al., 2010). Grain yields in maize have been
steadily increasing in northern Europe, most likely
linked to the warmer climate (Olesen et al., 2011).
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Projections

maize but limited for wheat and barley (Moore and
Lobell, 2014).

The impact of future changes in climate on crop
yield depends on the characteristics of the climatic
change within a region, as well as on a combination
of other environmental, economic, technological and
management factors (Reidsma et al., 2010). A broad
analysis of climate change scenarios for agricultural
productivity in Europe has provided a clear picture
of deterioration of agroclimatic conditions through
increased drought stress and a shortening of the
active growing season across large parts of southern
and central Europe (Trnka, Olesen, et al., 2011). Other
studies suggest an increasing number of unfavourable
years for agricultural production in many European
climatic zones, limiting winter crop expansion and
increasing the risk of cereal yield loss (Peltonen-Sainio
et al., 2011; Rötter et al., 2011; Trnka et al., 2014).
Dynamic crop models may be used to evaluate the
effect of climate change on crop production, provided
that the model is tested for the accuracy of its response
to various climate change factors (Ewert et al., 2015).
Map 5.12 shows projected changes in water‑limited
winter wheat yields in Europe for the 2030s (compared
with the 2000s) for climate projections from two
different climate models (HadGEM2-ES (99) and
MIROC‑ESM-CHEM (100)) using the WOFOST (101) crop
model. The top row of the map shows the results
when the CO2 concentration is assumed to be that of
the 2000s, whereas the bottom row shows the results
when the effect of CO2 fertilisation (see Box 5.2) on
crop growth was simulated. When no CO2 fertilisation
effect is taken into account, simulations using both
climate models show a decrease in wheat yields over
most of Europe, with the exception of some northern
areas. When the CO2 fertilisation effect is taken into
account, model simulations generally show a yield
increase in most areas, with the notable exception
of central Europe for one climate model (HadGEM2).
The simulated moderate yield reduction over central
Europe for this model indicates that increased CO2 does
not compensate for unfavourable climatic conditions,
such as prolonged and more intense droughts. These
simulations did not include adaptations to climate
change, such as changes in crop species and crop
management, owing to the inherent complexity of
agricultural systems. Therefore, the projected yields
in 2030 may be slightly underestimated. A study on
the potential effectiveness by 2040 of adaptation by
farmers in southern and central Europe suggests that
the adaptation potential to future warming is large for

Future crop yield developments are subject to
considerable uncertainty, in particular with regard
to climate projections and the magnitude of CO2
fertilisation effects in practice. For example, Map 5.12
does not consider all of the main sources of
uncertainty, as only two climate models and one crop
model have been used to produce the simulations.
A wider variation would have been found if more
climate model projections and more crop models had
been used. A large proportion of the uncertainty in
climate change impact projections for crop yields are
the result of variations among different crop models
rather than the variations among the downscaled
climate projections (Asseng et al., 2013). Uncertainties
in simulated impacts increase with higher CO2
concentrations and associated warming.
Map 5.13 provides an aggregated picture of the
expected changes in crop yields across Europe by
considering three crops, an ensemble of 12 GCMs and
the current irrigated area. These estimates include the
effects of changes in temperature, precipitation and
CO2 concentration on crop yield. The regional pattern of
projected impacts is clear, generally showing improved
conditions in northern Europe and worse conditions in
southern Europe.
Despite the above-mentioned uncertainties, there is a
clear indication of deteriorating agroclimatic conditions
in terms of increased drought stress and a shortening
of the active growing season in central and southern
Europe (Trnka, Olesen, et al., 2011). There is a risk of an
increasing number of extremely unfavourable years,
which might lead to higher interannual variability in
crop yield and constitute a challenge for proper crop
management. Some of the climate-related risk factors,
such as high temperature stress, flooding and adverse
sowing and harvesting conditions, are included only to
a limited extent in current crop models, such as those
used for the projections in Map 5.12. Map 5.14 shows
that the frequency of adverse agroclimatic conditions
for wheat is projected to increase substantially across
Europe under climate change, with the largest risks
generally experienced in southern parts of Europe.
These increases in extreme events may severely restrict
the efficiency of adaptations to climate change, including
the shifting of wheat production to other regions as the
risk of adverse events beyond the key wheat-growing
areas increases even more (Trnka et al., 2014, 2015).

(99) HadGEM-ES: Earth System version of HadGEM2.
(100) MIROC-ESM-CHEM: atmospheric chemistry coupled version of MIROC-ESM ('Model for Interdisciplinary Research on Climate — Earth System
Model').
(101) WOFOST: 'WOrld FOod STudies'.
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Map 5.12
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Note:

The map shows projections of the change in water-limited yield of winter wheat in the 2030s compared with the reference period
centred on 2000 for two different global climate models. The upper maps represent yields without CO2 fertilisation and the lower maps
represent yields with the CO2 fertilisation effect. The simulations were performed using the WOFOST model for the RCM8.5 emissions
scenario.
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Map 5.13
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Map 5.14

Probability of the occurrence of adverse agroclimatic conditions for wheat under baseline
and projected climate
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5.3.5 Crop water demand

Key messages
• Climate change led to an increase in the crop water demand and thus the crop water deficit from 1995 to 2015 in large
parts of southern and eastern Europe; a decrease has been estimated for parts of north-western Europe.
• The projected increases in temperature will lead to increased evapotranspiration rates, thereby increasing crop water
demand across Europe. This increase may partly be alleviated through reduced transpiration at higher atmospheric CO2
levels.
• The impact of increasing water requirements is expected to be most acute in southern and central Europe, where the
crop water deficit and irrigation requirements are projected to increase. This may lead to an expansion of irrigation
systems, even in regions currently without irrigation systems. However, this expansion may be constrained by projected
reductions in water availability and increased demand from other sectors and for other uses.

Relevance
Water is essential for plant growth and there is a
relationship between plant biomass production and
transpiration, with water-use efficiency (biomass
production per unit of water transpired) being affected
by crop species and management. The increasing
atmospheric CO2 concentration will lead to higher
water‑use efficiency through reductions in plant
transpiration and increased photosynthesis (Box 5.1).
However, higher temperatures and lower relative
humidity will lead to higher evaporative demands, which
will reduce water-use efficiency. The resulting effect of
climate change on water-use efficiency will therefore be
the result of a combination of changes in climate and
atmospheric CO2 concentration, as well as changes in
crop choice and management. The water demand by
crops must be met through rainfall during the growing
period, soil water storage or irrigation. In drought-prone
areas, increasing demands for water by industrial and
urban users intensify the competition for irrigation water
(Iglesias et al., 2007), and managing this requires an
integrated approach (Falloon and Betts, 2010).
Past trends
Irrigation in Europe is currently concentrated along the
Mediterranean, where in some countries more than
80 % of the total freshwater abstraction is used for
agricultural purposes (EEA, 2009). However, consistent
observations of water demand and consumption for
agriculture do not currently exist for Europe, partly
because of unrecorded water abstractions and national
differences in accounting and reporting. Modelling
approaches can be used to compute net irrigation
requirements. Two studies estimated the net irrigation
requirements in Europe for 1995–2002 and for the
year 2000 with a total of three different model systems

(Wriedt et al., 2009; aus der Beek et al., 2010). The results
show an irrigation requirement of up to 21–40 km3 for
Spain, which had the highest net irrigation requirement
in the EU-27.
Crop water demand, defined as the water consumed
during the growing season, depends on the crop type
and the timing of the growing season. Water demand
can be modelled using meteorological data and
information on crop management, and the difference
between crop water demand and rainfall constitutes
the crop water deficit. Map 5.15 shows the change in
the crop water deficit for grain maize, which is a crop
that is often grown under irrigated conditions because
it is mostly grown during the summer season. The
hatched areas in Map 5.15 show the areas where crop
water demand exceeds average rainfall and thus may
have an irrigation demand. The trends for 1995–2015
show an increase in the crop water deficit for maize in
large parts of southern and eastern Europe; a decrease
has been estimated for parts of north-western Europe
Some of the effects of estimated changes in the crop
water deficit may also be related to the duration of
the crop growing period, which is shortened under
higher temperatures, thus leading to less water being
consumed.
Projections
A multi-model study using seven global hydrological
models driven by five global climate models under four
RCP scenarios estimated changes in irrigation water
demand (IWD) across regions during the 21st century.
Under the low and low-to-medium emissions scenarios
(RCP2.6 and RCP4.5, respectively), the simulated
changes in IWD across Europe were small. For RCP6.0,
the multi-model average suggests a substantial
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Map 5.15
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Trend in crop water deficit for grain maize during the growing season, 1995–2015
-20°

-10°

0°

10°

20°

30°

40°

50°

60°

70°

Trend in crop water deﬁcit
for grain maize during the
growing season for the
period 1995–2015 in Europe
m3/ha/year
> 50
30 to 50

60°

10 to 30
– 10 to 10
50°

– 30 to – 10
– 50 to – 30
< – 50
No grain maize
simulated

50°

Long term crop water
demand higher than
rainfall
40°

Outside coverage

40°

0

500

1000
0°

1500 km
10°

20°

© European Union 2016
30° Source: Joint Research Centre
40°

Note:

The linear trend in the crop water deficit is expressed in cubic metres per hectare per year (m3/ha/year). The map provides an estimate
of the decrease (blue) or increase (red) of the crop water deficit calculated using the WOFOST model and the JRC's MARS gridded
meteorological data. An increase in the deficit will, in water-limited regions, translate into a corresponding increase in irrigation demand.
Areas where the seasonal crop water demand regularly exceeds the water availability are marked by hatching.

Source:

MARS/STAT database.

increase in IWD in most of Europe. For RCP8.5, the
projected increase in IWD exceeds 25 % in most of the
irrigated regions in Europe (Wada et al., 2013). Most
hydrological models in this multi‑model study did not
consider the physiological effect of increased CO2,
which can increase the water-use efficiency of crop
plants. The only available study using a hydrological
and a crop model that considers the physiological effect
of increased CO2 still estimates that there is a high
likelihood that IWD in southern Europe will increase
by more than 20 % until 2080 (Konzmann et al., 2013).
Regional case studies suggest much higher increases in
IWD in some regions (Savé et al., 2012).
Climate change will also affect water availability. The
Mediterranean area is projected to experience a
decline in water availability, and future irrigation will
be constrained by reduced run-off and groundwater
resources, by demand from other sectors and by
economic costs (Olesen et al., 2011). Assuming that
urban water demands would be prioritised over
agricultural purposes, the proportional reduction of
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water availability for irrigation in many European basins
is larger than the reduction in annual run-off (Iglesias
et al., 2013).
The projected changes in the crop water deficit for
grain maize are shown in Map 5.16 for two different
climate models. The simulations are based on the
WOFOST crop model, which considers the effect of
increases in the CO2 concentrations on the water use
efficiency of maize. The simulations for both climate
model projections for the 2030s show an increasing
crop water deficit for large areas of Europe, in
particular over central Europe. This will increase the
water requirement for irrigation, including in areas not
currently applying irrigation.
Adaptation measures and the integrated management
of water, often at catchment scale, are needed
to address future competing demands for water
between agriculture, energy, conservation and human
settlements. New irrigation infrastructure will be
required in some regions (van der Velde et al., 2010).
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Map 5.16
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The map shows projections of changes in the crop water deficit for grain maize in the growing season in the 2030s compared with the
reference period centred on 2000 for two different global climate models. The simulations were performed using the WOFOST model
for the RCM8.5 emissions scenario. Red indicates an increase in the crop water deficit and blue indicates a reduction of the deficit. Areas
where the seasonal crop water requirement regularly exceeds the water availability are marked by hatching.

Source:

JRC.
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5.3.6 Livestock systems

Key messages
• In some areas of southern Europe, higher temperatures and the increasing drought risk are expected to reduce livestock
production through negative impacts on both grassland productivity — which may be partly alleviated by increased CO2
levels — and animal health.
• A reliance on feed concentrates from beyond Europe is a source of vulnerability under climate change, especially for pig
and poultry production and intensive dairy farming systems.
• The increased growing season for crops and grasslands may boost livestock system production in northern Europe, but
across Europe changes in the distribution of pathogens and pathogen vectors present challenges.
• The projected increase in rainfall in northern Europe may pose challenges for grazing livestock and grass harvesting
owing to the accessibility of land and declining soil fertility through soil compaction.
• Sustainably maximising production resilience and efficiency will require both incremental and step changes in production;
the former are often incentivised by market forces and the latter require long-term strategic policy action to support and
encourage the exploration of transitions to novel farming systems.

Relevance
Livestock production systems are of major economic,
environmental and cultural importance to the EU,
producing outputs worth EUR 168 billion in 2014 and
accounting for 28 % of land use (Leip et al., 2015),
including sites of high biodiversity and cultural value.
As they are reliant on crop and grass yields and quality,
livestock production systems are highly exposed to
the impacts of climate change at local (grazing and
home-grown forage) and global (feed concentrate
imports) levels. Livestock production systems in Europe
are affected by climate change directly (through the
effects of changing environmental conditions on animal
health and welfare) and indirectly (through impacts
on pathogens and feed (quantity, type and quality)
and through the socio-economic changes entangled
with climate change). In this context, international
political settlements and policy choices (relating to both
agricultural and non-agricultural issues) will have an
important influence on, and interact with, production
responses to the evolving impacts of climate change,
adding uncertainty to projections of the future.
Trends in European livestock systems
Livestock production systems are many and varied.
In the EU in 2014, there were 355 million livestock,

consisting of pigs (42 %), cattle (25 %), sheep (28 %) and
goats (4 %). Goats, being concentrated geographically in
the upland regions of southern and eastern Europe, are
of high economic and social importance regionally. The
number of livestock in the EU decreased by 8 % between
2004 and 2014 (FAO, 2016, subset Production‑Live
animals). The number of livestock farms in the EU‑27
decreased by 32 % (from 9 million to 6.1 million)
between 2005 and 2013, with the largest decrease
in eastern European countries, and with production
becoming more specialised at the individual farm and
regional levels (Eurostat, 2016, subset ef_olslsuft).
Intensification has continued alongside land
abandonment in areas of marginal production, with
both processes having potentially negative effects on
biodiversity, ecosystem services, landscapes and rural
communities. The EU experienced a 6 % decrease
in permanent meadows and pastures (from 70 to
66 Mio ha) between 2005 and 2013, which exceeds the
overall decrease in agricultural land of 4 % (from 194
to 187 Mio ha) (FAO, 2016, subset Inputs–Land) (102).
Production intensification, particularly in monogastric
(pig and poultry) systems, has also led to an increasing
reliance on high-protein feed concentrates, with feed
imports to the EU increasing more than five-fold since
the 1960s. This trend has increased the systemic
vulnerability to changes in world prices and production

(102) In contrast to FAO, Eurostat reports a 5 % increase in permanent meadows and pastures (from 56 to 59 Mio ha) in the EU-27 between 2005 and
2013 (Eurostat, 2016, subset ef_pograss). However, the Eurostat dataset includes very strong (up to 12-fold) increases in permanent meadows
and pastures in a few EU Member States during this period, which raises questions regarding their validity.
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conditions (including expected climatic change) and
also involves increased global transfer of nutrients,
which can have potentially damaging consequences
for feed-producing countries (soil impoverishment and
erosion) and feed-importing countries (pollution and
eutrophication of natural water courses) (Leip et al.,
2015). At the same time as (and interacting with) these
changes in production, consumers are increasingly
putting pressure on producers to produce more in a
sustainable manner (Broom et al., 2013).
Alongside the economic changes described above,
climate change is already having an impact on livestock
production systems. In northern countries, the length
of the growing season is increasing, leading to changes
in grazing and cutting regimes in grassland-based
systems (Höglind et al., 2013). These changes can
bring about management challenges, such as those
described in the North Savo region of Finland, where
one of the challenges is increasing wet conditions
that, coupled with use of heavier machinery, lead to
increasing soil compaction and declining soil fertility
(Box 5.1). Climate change is also beginning to have an
impact on animal health. The number of days in which
the temperature–humidity index exceeds the critical
maximum threshold is increasing in many parts of
Europe (Gauly et al., 2013; Dunn et al., 2014). Exposure
to a high temperature–humidity index can effect milk
production and quality, mortality, reproductive health
and disease susceptibility, especially in intensive dairy
cattle (Vitali et al., 2009). Some livestock pathogens and
pathogen vectors appear to be expanding their ranges
and abundance as a result of climate change, such
as the spread of bluetongue in northern Europe. For
other pathogens, climate change is only one of a range
of variables affecting their occurrence, and may not
always have a negative effect (Perry et al., 2013).
All these changes take place in the context of a
changing policy landscape. Support for agriculture
under the EU CAP is being de-coupled from production.
Furthermore, under the second pillar of the EU CAP,
there is support for improving the way that livestock
systems conserve and enhance the provision of societal
goods, such as biodiversity and ecosystem services,
which are often undervalued by the market.
Projections
So far, the modelling of future changes in livestock
production under climate change at the European scale
includes only indirect impacts on livestock systems, via
changes in crop production and prices. Most of these
studies have shown that climate change impacts are
less important than socio-economic factors in affecting
livestock production in Europe (Audsley et al., 2006;
Leclère et al., 2013). As increased CO2 and warmer

conditions lead to increases in the productivity of
crops in Europe, livestock systems are expected to rely
more on high-protein feeds and less on grasslands.
Such trends are also driven by climate change, namely
reductions in global crop yields and the subsequent
price increases (Frank et al., 2014). Increases in crop
demand may be driven more by biofuel production and
animal feed than by human consumption.
The modelling predictions described above do not
take account of changes in grassland productivity
resulting from climate-change related conditions,
although it has been suggested that this might only be
a marginal factor (Leclère et al., 2013). A model-based
study estimated a 3 % increase in annual grassland
production between 1961 and 2010, but the model
used does not yet consider changes in forage quality
resulting from climate change (Chang et al., 2015).
Livestock systems are potentially affected by a much
wider range of variables, beyond those affecting feed
sources. These include (1) the species and genetic
characteristics of the livestock being farmed, (2) the
health and welfare status of animals, (3) management
at individual and herd levels (including health
interventions and diet choices) and (4) longer term
strategic decisions about the type of farming system
and its adaptation to local conditions. Such choices
are mediated by socio-economic factors working at
multiple and interacting scales, and from within and
beyond Europe. There have been early attempts to
model the impacts of heat stress on dairy cattle in a
regional study of Austrian livestock production under
climate change, but models cannot yet capture the
variety of climate change impacts involved (Schönhart
and Nadeem, 2015). As a result, there is much
uncertainty about the response of livestock production
to climate change.
Table 5.4 demonstrates that climate change presents
very different challenges depending on whether it is
assumed that there is a continuation in the production
trends considered above (where producers 'push'
for the intensification of livestock systems under
continued globalisation, and with a switch in land use
towards croplands and the abandonment of marginal
grazing) or if a 'pull' model is considered, with growing
consumer demands and policy support for production
based on a wider definition of sustainability (including
biodiversity and ecosystem services) (Bindi and Olesen,
2011; Broom et al., 2013).
Different societal choices (social, political and
economic) are likely to create systems that may face
very different challenges under climate change. While
the 'push' model of livestock production systems may
continue to drive intensification in some sectors and
regions, others might be 'pulled' in other directions by
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Table 5.4

Illustration of challenges and adaptation solutions to climate change impacts on European
livestock systems
Intensified livestock systems
(high inputs and outputs, reduced or zero grazing)

Climate
effect

Features and challenges

Increased
temperatures
and
temperature
extremes
(especially
in southern
Europe)

Housed animals are
protected from extremes,
but higher productivity
animals are more
susceptible to heat
stress; extra heat is also
produced from animals
being in close proximity

Improve ventilation and
housing conditions;
genetic approaches for
breeds that have better
resilience against heat
stress

Grazing animals are
exposed to temperature
extremes, but lower
productivity animals are
more resilient to heat
stress; droughts will
have effects on pasture
productivity

Provision of shaded
areas in pasture; trees
for shade can also
improve the resilience
of swards to extremes;
genetic approaches for
breeds that have better
resilience against heat
stress

Spread and
increased
incidence of
pathogens
and pathogen
vectors

Housed animals avoid
many pathogens, but
large numbers of animals
kept in close proximity
to each other increases
potential hazards

Use of antibiotics (but
limited by increasing
resistance); new medical
interventions, including
use of feeds and
supplements; monitoring
of health status; genetic
approaches for resilient
breeds

Grazing animals expected
to be more susceptible
to liver-fluke and other
pathogens under climate
change (increased risk),
but smaller herd sizes
and more diversity
reduce hazards

Use of antibiotics (limited
by resistance); new
medical interventions;
monitoring of health
status; genetic
approaches for
resilient breeds; land
management to reduce
pathogen impact

Increased
crop and
grass
productivity;
changes in
nutritional
quality

It is possible to identify
and import feeds for the
most efficient dietary
mix and control diets on
an individual basis, but
changes in nutritional
quality need to be
explored

Improve efficiency of
nutrient uptake from feed
and make predictions
of impacts of changes
on nutritional quality;
identification of best
crops and management
approaches in different
conditions

Increased pasture and
meadow productivity
can improve livestock
productivity and improve
the productivity of
home‑grown feed crops,
but quality may vary

Improve efficiency of
nutrient uptake from feed
and make predictions
of impacts of changes
on nutritional quality;
identification of new
grazing management
approaches and
supplementary feeds

Increased
pressure on
water supplies

Intensive systems use
large amounts of water,
increasing use of feed
concentrates increases
water demand

More efficient collection,
storage and transport
of water; regulation
to minimise water
demand; improve water
governance

Provision of water in
the field may be difficult
and inefficient; drought
may reduce grassland
productivity

Provision of shade can
reduce water demand;
more efficient storage
and transport of
water; improve water
governance

Increased
variability
in crop and
grass yields

Reliance on imported
feeds brings vulnerability
to price increases;
de‑coupling from local
feed production reduces
impacts of local climate;
increased rainfall
increases soil compaction
from harvesting
grasslands

Use of home-grown
protein crops; increase
diversity in feed crops
grown; control traffic
operations to restrict soil
compaction

Variability in local
conditions can negatively
affect grass growth
and fodder crops for
home‑grown feeds,
but systems are robust
to changes in global
feed prices; increased
rainfall may reduce land
availability for grazing

Improve systems (use
of legumes in mixed
swards, agroforestry)
and management to
increase sward resilience
to extreme conditions;
restrict grazing during
very wet periods

Source:

Adaptations

Features and challenges

Adaptations

ETC-CCA.

value-driven consumers and long-term policy choices.
In Europe, the future development of livestock systems
is therefore likely to vary by region; for example, in the
north-west of Europe dairy farms are already highly
intensified, while in eastern and central Europe dairy
farming systems remain small scale and traditional, so
that different factors need to be focused on (increased
efficiency and increased productivity, respectively)
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Wide-value systems
(grazing, low inputs, systemic diversity)

for sustainable intensification to be achieved in these
differing areas (Taube et al., 2014).
It is not certain that the delivery of wider
(non‑commoditised) and longer term goals (such as
adaptation to the impacts of climate change) will be
met by 'natural' market processes. These goals require
intervention that stimulates and supports shifts to more
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sustainable production structures. Such innovative leaps
may require the acceptance of short-term reductions
in profitability in order to secure long-term security of
production and ecosystem services. Innovations may
include the development of legume-based grassland
livestock systems, which can reduce the reliance on
artificial fertiliser inputs, reduce animal susceptibility
to some pathogens and increase productivity (Lüscher
et al., 2014), or the exploration of silvopastoral systems,
which have been shown to increase productivity and

environmental sustainability, increase livestock welfare
and resilience to temperature extremes, reduce pests,
and increase pest predators in tropical zones (Broom
et al., 2013). The aim of these explorations should be to
find ways to use livestock systems positively to improve
and enhance a range of ecosystem services. Achieving
this can have potentially positive 'overflow' effects on
crop productivity at the landscape level, while also
efficiently (and profitably) supplying nutritious food and
safeguarding rural communities.
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5.4

Energy

Key messages
• Climate change has affected the demand for heating and will affect future energy demand more generally. The total
energy demand in Europe is not expected to change substantially, but significant seasonal shifts and effects on the energy
mix are expected, with large regional differences.
• The number of population-weighted heating degree days has decreased in recent decades, whereas the number of
cooling degree days has increased. As a result, the energy demand for heating has decreased, particularly in northern
and north-western Europe, whereas the energy demand for cooling has increased, in particular in southern and central
Europe. The absolute change is larger for heating degree days, but the relative change is larger for cooling degree days.
• Further increases in temperature and the occurrence of droughts may limit the availability of cooling water for thermal
power generation in summer when the abundance of cooling water is at its lowest.
• Increasing temperatures, changing precipitation patterns and possible increases in storm severity and frequency can have
an impact on both renewable and conventional electricity generators. Most of the projected impacts of climate change
will be negative, but some positive impacts may occur, in particular for renewable energy production in northern Europe.
• Energy transport infrastructures across Europe are exposed to substantial risks from increasing frequency and magnitude
of extreme events induced by climate change. Infrastructures in mountain regions will be threatened by geological
instability owing to increased precipitation. Countries in north-western Europe appear to be ahead in preparedness
regarding coastal energy infrastructure.

5.4.1 Overview
Relevance
Energy plays a fundamental role in supporting all
aspects of modern life. This sector is responsible
directly or indirectly for the majority of anthropogenic
greenhouse gas emissions (Edenhofer et al., 2014).
At the same time, both energy supply and energy
demand are sensitive to changes in climate, in
particular in temperature. The increasing frequency
of extreme weather events, including heat waves,
droughts and potentially storms, poses additional
challenges for energy systems (Rademaekers et al.,
2011). In particular, the efficiency and outputs of
thermal power plants can be adversely affected by a
rise in temperature or a decrease in the availability
of cooling water (low flows as a result of droughts).
Storms, extreme wind gusts and ice storms could
also pose a challenge for energy infrastructure, such
as transmission and distribution networks, as well
as renewable generators. Increased flooding could
affect power stations and substations. Changed
precipitation patterns or variability could create
greater uncertainty when investing in hydropower
facilities and could alter output, but could also result
in local benefits from increased hydropower output
in some regions. Hydropower production could also
be affected by increased silting of sediment into
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reservoirs caused by increased erosion and sediment
displacement as a consequence of climate change.
Other renewable energy supplies could also be affected
by climate change, in particular through impacts on the
production of bioenergy, but also on wind turbines and
solar cells.
Climate change is reducing the demand for space
heating and increasing the demand for space cooling,
both globally and in Europe. However, socio-economic
and technical factors also play an important role in
the future energy demand for heating and cooling.
Projected increases in income levels in the EU are
considered the main driver for increases in the cooling
demand up to 2050, while energy efficiency upgrades
and demand-side management are curbing future
energy demand. This latter factor is particularly
relevant to the fact that the energy sector is a major
source of greenhouse gas emissions and, therefore,
is a major target of mitigation policies. Modelling
the possible future impacts of climate change on
energy demand requires alternative scenarios to be
modelled, which typically differ in the strength of
the mitigation policies to be adopted, which in turn
may support energy efficiency and thus contribute to
reducing energy demand, or may modify the energy
mix and therefore the exposure of the energy system
to stresses induced by climate change such as water
scarcity (Dowling, 2013; Mima and Criqui, 2015).
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Indicator selection
This section uses one indicator, which combines
information on heating degree days (HDDs) and cooling
degree days (CDDs), as a proxy for climate change
impacts on energy demand. The sections that follow
present information on changes in energy demand,
electricity production and energy infrastructure, which
do not qualify to be presented as indicators owing to
limited data availability.
Data quality and data needs
The climatological input datasets for computing HDDs
and CDDs for Europe combine temperature data with
daily resolution from three different station datasets —
the JRC's MARS meteorological database (EC, 2015), the
NOAA National Climatic Data Center (NCDC)'s Global

Historical Climatology Network dataset (GHCN; Menne
et al., 2012) and the European Climate and Assessment
Dataset of the Royal Meteorological Institute of the
Netherlands (KNMI-ECA&D; Klein Tank and Wijngaard,
2002) — and from one gridded dataset (E-OBS
versions 10 and 11; Haylock et al., 2008). These datasets
are considered rather robust. However, different
definitions exist for computing HDDs and CDDs, which
can lead to different magnitudes of calculated trends
(see Section 5.4.2).
Information on past and projected impacts of
climate change on electricity demand and electricity
generation is very fragmented. The effect of long-term
climate change can be difficult to determine owing to
concurrent changes in technical, social, behavioural and
economic aspects, while the effects of extreme events
are usually easier to detect.
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5.4.2 Heating and cooling degree days

Key messages
• The number of population-weighted heating degree days (HDD) decreased by 8.2 % between the periods 1951–1980 and
1981–2014; the decrease during the period 1981–2014 was on average 9.9 HDDs per year (0.45 % per year). The largest
absolute decrease occurred in northern and north-western Europe.
• The number of population-weighted cooling degree days (CDD) increased by 49.1 % between the periods 1951–1980 and
1981–2014; the increase during the period 1981–2014 was on average 1.2 HDDs per year (1.9 % per year). The largest
absolute increase occurred in southern Europe.
• The projected decrease in HDDs as a result of future climate change during the 21st century is somewhat larger than the
projected increase in CDDs in absolute terms. However, in economic terms, these two effects are almost equal in Europe,
because cooling is generally more expensive than heating.
• The projected increases in the cooling demand in southern and central Europe may further exacerbate peaks in electricity
demand in the summer unless appropriate adaptation measures are taken.

Relevance
Space heating and cooling is responsible for a large
fraction of European energy use. HDDs and CDDs
are proxies for the energy demand needed to heat
or cool, respectively, a home or a business. Both
variables are derived from measurements of outside air
temperature. The heating and cooling requirements for
a given structure at a specific location are considered,
to some degree, proportional to the number of HDDs
and CDDs at that location. However, they also depend
on a large number of other factors, in particular
building design, energy prices, income levels and
behavioural aspects.
HDDs and CDDs are defined relative to a base
temperature — the outside temperature — below
which a building is assumed to need heating or cooling.
They can be computed in different ways, depending,
among other things, on the specific target application
and the availability of sub-daily temperature data.
The previous version of this EEA report (EEA, 2012)
applied the methodology of Eurostat, which uses daily
mean temperature only and has a jump discontinuity
when daily mean temperature falls below the base
temperature (Eurostat, 2014). This report uses an
approach developed by the UK Met Office, which uses
daily mean, minimum and maximum temperatures
and does not exhibit a discontinuity. Note that this
approach, being based on both minimum (Tn) and
maximum (Tx) temperatures and not solely on the
mean temperature (Tm), increases the accuracy of HDDs
and CDDs for the purpose of gauging the impacts of
climate change on energy demand, because the cooling
of the environment depends more on Tx than on Tm,

246

while Tn is more relevant for heating. The baseline
temperatures for HDDs and CDDs are 15.5 °C and
22 °C, respectively (Spinoni et al., 2015). As a result of
the methodological changes, the magnitudes of the
trends between the previous report and this report
cannot be directly compared.
The aggregation of regional changes in HDDs and
CDDs to larger areas can be done using area weighting
or population weighting (with a fixed population).
Population weighting is preferable for estimating
trends in energy demand over large regions with an
uneven population distribution (e.g. Scandinavia or
Europe) (EPA, 2014).
Past trends
The number of population-weighted HDDs decreased
by 8.2 % between the periods 1951–1980 and
1981–2014. The decrease during the period
1981–2014 was on average 9.9 HDDs per year,
although with substantial interannual variation
(Figure 5.8, left); this linear trend corresponds to an
annual decrease of 0.45% (relative to the 1951–1980
average). The largest absolute decrease occurred
in northern and north-western Europe, where the
heating demand is highest (Map 5.17, left panel).
The number of population-weighted CDDs increased by
49.1 % between the periods 1951–1980 and 1981–2014.
The increase during the period 1981–2014 was on
average 1.2 CDDs per year, although with substantial
interannual variation (Figure 5.8, right); this linear trend
corresponds to an annual increase of 1.9 % (relative to
the 1951–1980 average). The largest absolute increase

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Climate change impacts on society

occurred in southern Europe (latitudes below 45 °N),
where the energy demand for cooling in summer is
highest (Map 5.17, right panel).

and CDD effects is noticeable in Bulgaria, southern
France, Italy, Portugal, Romania and Spain.
Projections

The relative increase in CDDs is much higher than the
relative decrease in HDDs, because of lower absolute
values. In principle, HDD and CDD values can be
added together to give a new indicator, energy degree
days, which has shown a decrease since the 1950s.
However, one must consider that HDDs and CDDs are
climatological parameters and that the energy demand
linked to their values is not the same, as heating
and cooling systems are often based on different
technologies.
Figure 5.8 highlights some important features of the
evolution of the pattern of HDDs and CDDs in Europe
since the 1950s. In the first three decades, HDDs were
roughly constant and CDDs declined slightly. Since the
beginning of the 1980s, Europe has started experiencing
a markedly declining overall trend in HDDs, and a
markedly increasing trend in CDDs, pointing to a general
increase in cooling needs and a general decrease in
heating needs. Map 5.17 shows that the decrease in
HDDs has been particularly strong in the Alpine areas
and the Baltic and Scandinavian countries, whereas
the increase in CDDs is particularly strong in southern
Europe, around the Mediterranean and in the Balkan
countries. Some overlapping of medium to strong HDD

Figure 5.8

Temperatures in Europe are projected to continue to
increase. Hence, the trend of a decreasing number of
HDDs and an increasing number of CDDs is very likely
to continue, and most likely to accelerate (Benestad,
2008). Model simulations performed in the ClimateCost
project (based on HDD and CDD data) have estimated
the decrease in residential heating energy demand
in the EU as a result of climate change alone (above
the SRES A1B baseline without climate change) to be
28 million tonnes of oil equivalent (Mtoe)/year by 2050
and 65 Mtoe/year by 2100; the corresponding projected
increase in cooling energy demand is 16 Mtoe/year by
2050 and 53 Mtoe/year by 2100. While the projected
physical energy reductions for heating are higher than
the increase in cooling demand, in economic terms
the projected reduction in total heating demand is
about the same as the increase in cooling demand,
as cooling is more expensive than heating. In cold
countries, such as Norway, the net effect of projected
temperature increases reduces total energy demand,
whereas in warm countries, such as Spain, it increases
energy demand. All projected changes are considerably
lower under a mitigation scenario with lower emissions
(Mima and Criqui, 2015).

Time series of population-weighted heating and cooling degree days averaged over Europe
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This figure shows time series of heating degree days (left) and cooling degree days (right) averaged over Europe (EU-28 without Cyprus
but including Liechtenstein, Norway and Switzerland) over the period 1951–2014, including linear trends for 1951–1980 and 1981–2014.
Population weighting was applied during spatial aggregation.

Source:

JRC, KNMI-ECA&D (E-OBS version 11) and Eurostat GEOSTAT 2011 dataset.
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Map 5.17

Trends in heating and cooling degree days, 1981–2014
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Note:

The maps shows the observed linear trends in heating degree days (left) and cooling degree days (right) over the period 1981–2014 for
all EEA member and cooperating countries. Stippling depicts regions where the trend is statistically significant at the 5 % level.

Source:

JRC and KNMI-ECA&D (E-OBS version 11).
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5.4.3 Energy demand
The literature on the effects of climate change on
energy demand and production is not very extensive,
particularly for sectors other than residential and
for fuels other than electricity. However, key impacts
across Europe can be identified. While most studies
have a specific sectoral or regional focus and
look at either the demand or the supply side, the
ClimateCost and PESETA II projects attempt to provide
comprehensive assessments for the entire European
energy system, considering the impacts on demand
and supply jointly. Both studies rely on the same
energy model, Prospective Outlook on Long-term
Energy Systems (POLES) (Mima and Criqui, 2015). The
main results from POLES regarding energy demand
are summarised in Section 5.4.2 under 'Projections',
and in the final two rows of Table 5.5.
The main focus of most studies on energy demand
is on electricity, and in particular on residential

Table 5.5

electricity use. Approximately one-third of Europe's
domestic space heating requirement is provided
by electricity, but with substantial variation across
countries (Mideksa and Kallbekken, 2010). Cooling
is almost exclusively provided by electricity.
Therefore, changes in heating demand, and even
more so in cooling demand, will directly influence
electricity demand. It is worth noting that an
increased electricity demand peak in the summer
would coincide with increased difficulty in obtaining
sufficient cooling water for thermal power generation
during very hot conditions (Förster and Lilliestam,
2009).
Table 5.5 summarises the studies that have looked
at projected trends for different European countries.
The heterogeneity in results is generally the result of
the selection of different climate change scenarios,
the different time span considered and whether or
not economic and societal change is considered in
addition to climate change.

Overview of studies on climate change impacts on future energy demand

Study

Region

Date of
projection

Which demand?

Change in demand

Peak demand

Pilli-Sihvola et al.,
2010

Finland, France,
Germany, the
Netherlands and
Spain

2015–2050

Electricity (total
across sectors)

Decreases in northern
countries, increase in
Spain; overall neutral

+ 2 % to + 4 %, Spain
(projected summer
electricity demand in
2050 compared with
2007)

Mirasgedis et al.,
2007

Greece

2070–2100

Electricity (total
across sectors)

+ 3 % to + 6 %

+ 13 %, June

Eskeland and
Mideksa, 2010

Europe

2100

Residential electricity
consumption

Small, but disguises
large regional
variations (from –
21 % in Lithuania
to + 19 % in Turkey
in 2100, compared
with the 1995–2005
average)

+ 19 %, Turkey
(compared with the
1995–2005 average)

Mima et al., 2012

Europe

2010–2100

Heating demand (oil,
gas, biomass and
electricity); cooling
demand (electricity);
residential and
tertiary sector

+ 12 % by 2050,
rising to + 24 % by
2100 (EU-28, Croatia
not included), as a
result of electricity
for cooling demand
above future baseline
(A1B scenario),
reduced to + 8 %
across period for E1
mitigation scenario

Strong regional
variations, with larger
increases in cooling
demand in southern
Europe and heating
demand in west
Europe (neither of
which is quantified as
a percentage in the
study)
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Table 5.5
Study

Region

Date of
projection

Which demand?

Change in demand

Peak demand

De Cian et al., 2012

OECD

2085

Natural gas, oil
products, electricity

Decrease in overall
energy consumption
across the EU
(e.g. – 14 Mtoe of
electricity in Norway
and – 180 Mtoe of all
fuels in the United
Kingdom)

+ 8.7 Mtoe (equivalent
to + 13 %) in
Switzerland

Ciscar et al., 2014

Europe

2071–2100

Heating demand
(various fuels);
cooling demand
(electricity);
residential and
tertiary sector

– 13 % (3.5 °C
scenario) and – 7 %
(2 °C scenario)
compared with
1961–1990

+ 8 % southern
Europe in the 3.5 °C
scenario

Raible and
CH2014-Impacts
Initiative, 2014,
Chapter 10

Switzerland

2035, 2060,
2085

Heating and cooling
demand

Overall decrease:
– 3 % to –18 % by
2060, – 4 % to – 29 %
by 2085

+ 248.5 % in 2050
for cooling (no
information for
2085); more than
compensated for,
however, by decrease
in heating demand

Mima and Criqui,
(2015)

Europe

2020–2100

Heating demand (oil,
gas, biomass and
electricity); cooling
demand (electricity);
residential and
tertiary sector

– 15 % to – 35 %
decrease in EU
heating demand in
SRES A1B by 2010;
+ 3 % annual increase
in EU cooling demand

Four-fold increase
in cooling demand
in tertiary sector by
2100

Note:
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Overview of studies on climate change impacts on future energy demand (cont.)

All of the studies take into account macro drivers and separate the effects of these drivers from those stemming directly from climate
change, either by controlling for macro drivers such as GDP, population, income and GDP per capita in the econometric models
estimated, or by keeping track of their roles in the SRES scenarios and isolating their effects from the purely climatic ones (with the
possible exception of the last study, where this is not explicitly mentioned).
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5.4.4 Electricity production
The relevance of climate change impacts on electricity
generation, particularly through changes in water
availability, have been highlighted in a number
of studies. Climate change impacts on electricity
production will vary depending on the role of different
sources in the energy mix and the geographical
location. Therefore, there will be a marked difference
between southern and northern Europe, with varying
impacts depending on the generation technology.
Increases are projected for most of Scandinavia and
decreases for the rest of Europe (Rübbelke and Vögele,
2012; Hamududu and Killingtveit, 2012; van Vliet et al.,
2012, 2013; van Vliet, Wiberg, et al., 2016; van Vliet, van
Beek, et al., 2016).
A systematic literature review revealed some robust
patterns of climate change impacts on electricity
generation. The study points to robust negative
impacts on thermal electricity generation throughout
the 21st century. Impacts on renewable electricity

Map 5.18

generation show strong regional variation (Map 5.18)
(Bonjean Stanton et al., 2016). Hydropower production
may experience significant risks in Alpine countries,
whereas conditions in Scandinavia are expected to
improve (Lehner et al., 2005; SGHL and CHy, 2011;
Rübbelke and Vögele, 2012). Climate change impacts
on wind generation in the EU are expected to be
limited throughout the 21st century, with a tendency
towards a decrease in the wind power potential over
Mediterranean areas and an increase over northern
Europe (Tobin et al., 2015, 2016). Regional studies on
solar power generation point to very limited or neutral
effects (Pašičko et al., 2012; Wachsmuth et al., 2013;
Panagea et al., 2014).
Fossil-powered and nuclear electricity generators
are sensitive to a reduced availability and increased
temperature of cooling water, and to increased air
temperature, which reduces their efficiency. Nuclear
plants are particularly susceptible, and France is the
country facing the highest risk in this regard (Linnerud
et al., 2011; Rübbelke and Vögele, 2012). The ToPDAd

Projected impacts of climate change on electricity production from different sources in four
European regions

Legend
Northern Europe
Eastern Europe
Southern Europe
Western Europe
Hydroelectricity
Wind electricity
Thermal electricity
Solar electricity
0

Increased generation

300 km

Source:

Decreased generation

Adapted from Bonjean Stanton et al., 2016.
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project estimated that the economic damage due to the
decreased availability of nuclear power in France could
be as high as tens of billions of euros per year by 2100
under a high emissions scenario (RCP8.5) and several
billion euros under a medium emissions scenario
(RCP4.5), if the current infrastructure and policies
remain in place (Perrels et al., 2015; ToPDAd, 2015).
Some studies have assessed the system-wide impacts
of future climate change on electricity production.
Results of the ClimateCost project suggest that there
will be significant impacts on electricity generation,
with a worsening of operating conditions for thermal,
hydro and nuclear power plants. These impacts will
translate into losses for the EU energy system that
could reach 200 terawatt-hours (TWh) in 2070 for a
medium emissions scenario (SRES A1B) and 150 TWh
in 2060 and 2080 for a low emissions scenario (E1). The
overall economic impacts of changes in the demand
and supply side are estimated as a net loss of 0.11 %

Box 5.3

of EU‑28 (Croatia not included) GDP in 2100 for the
SRES A1B scenario. This general result hides, however,
significant regional disparities; moreover, the study
itself points to a considerable degree of uncertainty
about these estimates, stemming from the variability
of climate projections across the climate models used,
particularly in the case of precipitation (and hence
water availability), and from the partial coverage of
relevant impacts, as wind velocity, insolation, extreme
events and droughts may not be included (Mima and
Criqui, 2015). Qualitatively similar conclusions were
reached in the PESETA II project (Dowling, 2013; Ciscar
et al., 2014). The loss in generation efficiency due
to increased cooling requirements for thermal and
nuclear plants may result in a loss of competitiveness
for these sources and, therefore, increase the
proportion of renewable sources in the energy mix
(Dowling, 2013). Moreover, mitigation policy choices
can be a crucial driver of the final impacts on the
energy mix.

ToPDAd case study for Baltic countries

Preliminary results from the ToPDAd (Tool-supported policy development for regional adaptation) project for the Baltic
countries in northern Europe indicate that climate change is likely to decrease energy sector investment costs by 2050
owing to reduced heating needs and increased hydropower generation. The presented results are based on an energy
sector investment model (the Balmorel (103) model soft-linked with the TIMES (104) model) that have been run with and
without climate change scenarios for the ToPDAd EU project (Perrels et al., 2015).
For the high emissions scenario (RCP8.5), precipitation and consequently river run-off are projected to increase by 5–20 % in
all Baltic countries. For the medium emissions scenario (RCP4.5), the projected increase was smaller and focused on Norway
and Sweden, which have by far the largest hydropower capacities in northern Europe. While an overall increase in river
run-off looks likely, the magnitude and geographical distribution is uncertain. The projected increases in temperature were
estimated to decrease electricity demand by 1–2 % and district heating demand by 7–11 %, depending on the emissions
scenario.
Owing to emissions restrictions and cost assumptions, the model directs investments mainly to renewable power
generation. As electricity and district heating demand decrease and hydropower production increases, there is less need for
new investments in the power sector, including new wind power investments. The resulting savings in cumulative energy
costs by 2050 for this region range from 2 % to over 5 %, depending on the combination of the RCP (RCP2.6, RCP4.5 or
RCP8.5) and SSP (SSP1, SSP4 or SSP5; see Section 1.2).
The energy sector is characterised by large long-term investments. The impacts of climate change and of mitigation
requirements are expected to be considered when these investments are made. However, considerable uncertainty in the
magnitude and distribution of climate change impacts may lead to some failed investments. The projected cost reductions
also depend on adaptation. The reductions in total annual costs range from 1 % to 2 % if no adaptation takes place; the
savings are slightly higher, from 1.3 % to 2.5 %, in the case of adaptation. However, these estimates are sensitive to a
number of assumptions, in particular emissions constraints and renewable energy targets.

(103) The Balmorel model is a model for analysing the electricity and combined heat and power sectors in an international perspective (see http://
www.eabalmorel.dk).
(104) TIMES: 'The Integrated MARKAL-EFOM System' (see http://iea-etsap.org).
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5.4.5 Energy infrastructure
The vulnerabilities of energy production and
transmission infrastructure to climate change are
becoming increasingly relevant owing to the increasing
dependence of societal activities on electricity, and to
the shift of the energy mix towards more vulnerable
technologies, such as wind power generation (Ligtvoet,
et al., 2015). Moreover, the increasing interconnection
between national energy networks in the EU,
particularly electricity transmission lines, enhances
the interdependency across countries and, therefore,
the risk of the vulnerability of energy infrastructures
spreading across national borders (Vonk et al., 2015) (see
also Section 6.4).
There is a dearth of publications on the impact of climate
change on the energy infrastructure in Europe. Pipelines
and electricity transmission lines are generally built with
a relatively high tolerance to extreme climatic conditions,
which adds some safety margin for future climate
change. They are therefore expected to withstand the
threats posed by climate change better than other
infrastructures. This, however, does not exclude the
need to adapt the design and operating conditions of
energy infrastructures used in currently mild climates,
by drawing upon the lessons learnt in areas where
conditions are usually more severe (Kovats et al., 2014).
Table 5.6 summarises the climate change impacts on
energy transmission and distribution infrastructure in
Europe (EC, 2013). The table highlights the risks that
Table 5.6

extreme weather events could pose to infrastructures,
such as reduced technical efficiency under higher
temperatures. Note that this information is framed
qualitatively as the risks possibly faced by energy
infrastructure in the future. However, a comprehensive
quantitative assessment of such impacts for EU energy
infrastructure is not available.
The stress test of European nuclear power plants in
the aftermath of the Fukushima accident concluded
that further improvements can be made to prepare
for extreme weather events (EC, 2011; ENSREG, 2012).
The International Atomic Energy Agency (IAEA) has
developed guidelines that represent good practice
to increase robustness against natural hazards and
extreme events, which are expected to be implemented
in a number of European countries as a result of the
stress test (IAEA, 2011). Renewable electricity generators
are most susceptible to potential changes in extreme
storm gusts, which might damage wind turbines.
A recent assessment of the possible vulnerabilities of
coastal energy infrastructures in Europe, comprising oil,
gas or liquefied natural gas tanker terminals and nuclear
power stations, highlights the risks posed by sea level
rise. There are 158 major terminals in the European
coastal zone and 71 operating nuclear reactors on the
coast, with more currently planned. Planned adaptation
and a high level of awareness of sea level rise threats
could mitigate, to some extent, the risks to coastal
energy infrastructure in north-western Europe (Brown
et al., 2014).

Climate-related vulnerabilities of energy infrastructures in the EU

Type

Climatic pressures

Primarily
electrical
transmission
and distribution
networks

Extremely high
temperatures

Decreased network capacity

Medium-negative (2025)
to extreme-negative
(2080)

EU-wide

Snow, icing, storms

Increased chance of damage to energy
networks and, thus, blackout

Medium-negative to
low‑positive (2050)

North-western
EU

Heavy precipitation

Mass movements (landslides, mud and Time frame, magnitudes
debris flows) causing damage
and frequencies
uncertain

Melting permafrost

Tie-ins of gas pipelines in permafrost
ground cause technical problems
(this is related only to Arctic supply
pipelines and not to the east–west
gas pipelines, as the latter are not
grounded in permafrost)

Low for 2025 and
gradually increasing

Arctic Eurasia

Higher
temperatures

Reduced throughput capacity in gas
pipelines

Low for 2025 and
gradually increasing

EU-wide

Storms in
connection with
high tides and sea
level rise

Threats to refineries and coastal
pipelines owing to sea level rise, high
tide and storms

Low for 2025 and
gradually increasing

EU-wide

Primarily
transmission
networks (oil
and gas)

Primarily
storage and
distribution
Source:

Risks

Time frame of expected
impacts

Regions mainly
affected

Mountainous
regions in
particular

EC, 2013 (Annex 2, p. 34).
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5.5

Transport

Key messages
• Past and present weather-related impacts on transport are mostly related to individual extreme events. The main climatic
stressors for transport are heat waves in southern and eastern Europe, cold spells and snow in northern Europe, and
heavy precipitation and floods in most of Europe.
• The impacts projected by 2050 are expected to be limited and manageable if proper adaptation measures are taken.
However, available assessments of climate change impacts on transport, including the costs from extremes, do not
give a comprehensive overview of climate-related risks for transport across Europe owing to their widely different
methodological approaches.
• The impacts of climate change on transport vary depending on the region and the transport modes considered. Transport
systems in mountainous regions, coastal areas and regions prone to more intense rain and snow are generally expected
to be most vulnerable to future climate change. Available projections suggest that rail transport will face particularly high
risks from extreme weather events, mostly as a result of the projected increase in heavy rain events and limited route
alternatives.

5.5.1 Overview
The European society and its economy remain highly
dependent on the availability of reliable and efficient
transport systems. Transport infrastructure and
operations are sensitive to the impacts of climate
change, and the effects of those impacts fall well
beyond the transport sector, causing enormous
disruption in human activities and considerable indirect
economic damage, particularly if they affect critical
links such as the few transnational connections serving
international traffic in Europe and beyond. The long
life span of many transport components, including not
only infrastructure but also some vehicles, reaches well
beyond 2050 and in some cases even beyond 2100, and
wherever possible, their design characteristics should
take into consideration the expected climate conditions
in those years.
Of the 33 EEA member countries, 17 have developed
some kind of climate-related vulnerability assessment

254

of their transport systems, and 10 of them have
conducted detailed studies for at least some transport
modes (Map 5.19). It is worth noting that transport
is not considered a priority sector for vulnerability
assessment in the majority of these countries. There
is a wide variety in the approaches followed by the
countries that have developed detailed vulnerability
studies. In some cases, such as Greece (Giannopoulos
et al., 2011) and Spain (CEDEX, 2013), a common
approach has been followed to analyse all transport
modes; in other cases, such as France (République
Française, 2011) and the United Kingdom (DEFRA,
2012; Thornes et al., 2012), the key stakeholders
for each transport mode (generally infrastructure
managers) have received a mandate to conduct their
own vulnerability studies. Depending on each country's
priorities, some transport modes have been particularly
active compared with others: this is the case, for
example, for rail and road transport in mountainous
areas such as in Austria (Steininger et al., 2015) and
Switzerland (FOEN, 2012).
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Map 5.19
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5.5.2 Impacts of climate and weather extremes
Changes in average weather conditions will be
influential for transport mostly in the long term. For
example, semi-permanent frost structures in the far
north may become unusable for larger portions of
the year owing to permafrost warming and melting.
However, changes in climate also result in variations
in the conditions and frequency of extreme weather
events, which could cause increasing infrastructure
damage, longer delays for passengers, disruptions,
additional safety risks and higher operational costs.
In the past, most of the damage was caused by heavy
precipitation. Heavy rain causes flash flooding, which
disrupts transport connections, inhibits inland waterway
traffic and damages roads, bridges, rail embankments
and other earth structures. Heavy snowfall complicates
road traffic, rail transport and airport operations in all

(105)
(106)
(107)
(108)

30°

of Europe (Leviäkangas et al., 2011; Nemry and Demirel,
2012). Heavy precipitation events have increased in
many regions of Europe and these trends are expected
to continue (see Section 3.2.5). What makes a difference
is the preparedness and the availability of resources
to deal with unexpected weather conditions and to
solve problems, for instance sufficient availability of
maintenance equipment and appropriate contingency
plans.
Recent research on climate-related impacts on
transport has focused on extreme weather events. The
European research projects EWENT (105), WEATHER (106),
ECCONET (107) and MOWE-IT (108) have explored the
geographical distribution of the transport impacts
of extreme weather effects and the vulnerability
of transport systems. MOWE-IT provides a recent
summary of key extreme weather events and their
impacts on the various transport modes, building

EWENT: 'Extreme weather impacts on European networks of transport' (http://ewent.vtt.fi).
WEATHER: 'Weather Extremes: Impacts on Transport Systems and Hazards for European Regions (http://www.weather-project.eu).
ECCONET: 'Effects of climate change on the inland waterway networks' (http://www.ecconet.eu).
MOWE-IT: 'Management of Weather Events in the Transport System' (http://www.mowe-it.eu).
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upon the results of the other projects and further
stakeholder consultation (see Table 5.7). The ToPDAd
project has also assessed climate change vulnerability
and adaptation options of selected transport systems
in Europe (109) (ToPDAd, 2015).
Some future changes in climate may have positive
impacts on certain transport modes or in European
regions. This can be true of a decrease in the ice cover
of oceans and rivers, particularly in the Arctic, where
an increase in average temperature would open up
new transport routes. Warmer weather conditions
would probably decrease maintenance costs for
transport infrastructure in central and northern
Europe (Ciscar et al., 2014). However, in Europe as
a whole, the decreasing trend in winter extremes is
overcompensated by the expected increases in warm
extremes and heavy precipitation events (Koetse and
Rietveld, 2009). Further warming implies a need for
improvements in the heat tolerance of the transport
system during summer, especially in countries that
already experience high temperatures (Leviäkangas
and Saarikivi, 2012).
Although the results provided by climate models do
not allow for a detailed geographical identification of
transport impacts, all research projects mentioned
previously include an attempt to locate key challenges
in the different European regions. Map 5.20
summarises the projected changes in the probabilities
of adverse and extreme weather events for each
climate region until 2050. The threshold values used
for the most harmful extreme weather phenomena
are available in Table 5.8. Some of those projections
are associated with significant uncertainties related
to projections as well as related to zonal boundaries.
Furthermore, some changes have been made to the
original map from the EWENT project in order to
improve consistency with the regionalisation used in
the Executive Summary of this report. In particular,
the Baltic States changed from the Temperate
Eastern region to the Northern region, and they may
experience features of both regions. Furthermore, the
Temperate Eastern and Temperate Central regions
have been combined; the further one goes towards
East in the combined region, the more likely is the
increase of heat waves.
A decrease in cold spells, extreme snowfall and frozen
precipitation have a positive impact on road, rail and
air transportation, reducing the cost of maintenance
and producing beneficial side effects. However, even
with a general decreasing trend in winter extremes,
winter extremes are still expected to have an impact

on transportation owing to interannual variability,
and would still need to be considered in maintenance
and investment for improving preparedness for many
European countries. An increase in warm extremes and
heavy precipitation events are likely to have negative
impacts on transport. During summer, especially in
countries that already experience high temperatures,
further warming implies a need for improvements in
the heat tolerance of the transport system. Increases
in heat waves in the Mediterranean and in eastern
Europe and cold spells in northern Europe are the
main stressors identified until 2050 (Leviäkangas and
Saarikivi, 2012).
Although research on the potential economic impacts
of climate change on transport is rapidly expanding,
results are still constrained by a variety of sources of
uncertainty: the initial uncertainty of future climate,
the limited reliability of long-term forecasts on
demand for the various transport modes, and the
weak basis available to estimate the expected impacts
(damage, accidents, travel costs, time delay, etc.) on
the future transport system. The WEATHER project
(Przyluski et al., 2011) estimated that annual direct
transport costs related to extreme weather events
in 1998–2010 were EUR 2.5 billion and that annual
indirect costs added EUR 1 billion; the project also
estimated a 20 % increase until the period 2040–2050.
All transport modes and logistics were included in this
estimate, with the sole exception being urban public
transport. The EWENT project followed a different
approach, including estimates on accidents, travel
time and costs as well as on transport infrastructure
and maintenance. The results found only small
differences between 2010 and 2040–2070; the main
changes would be a significant reduction in annual
accident costs (EUR 3.4 billion) and a significant
increase in annual logistics costs (EUR 4 billion); the
drivers of these changes were related more to trends
in demand and technology than to the impacts of
extreme weather events (Nokkala et al., 2012). The
PESETA II project provides another estimate, limited
to road and rail transport; the impact on transport in
terms of welfare loss as a percentage of GDP would
be negligible (below 0.1 %) and would be much lower
than in other sectors, such as water or health, in
all of the scenarios considered until 2050 (Nemry
and Demirel, 2012; Ciscar et al., 2014). It is worth
noting that discrepancies in the figures estimated
by the various projects is a logical consequence
of differences in their underlying hypotheses and
definitions regarding key concepts such as extreme
weather event thresholds and occurrence, or
transport system disruption and its consequences.

(109) http://www.topdad.eu.
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Table 5.7

Summary of transport vulnerabilities to extreme weather events

Extreme
weather event
Heat waves

Impacts on transport modes
Road

Rail

Damage to pavements

Rail buckling

Vehicle failure (tyres)

Material fatigue

Forest fires

Increased instability of
embankments

Fatigue of drivers

Overheating of
equipment

Water-borne
Low river flow (due
to drought), imposing
restrictions on loading
capacity, navigation
problems and speed
reduction

Aviation
Damage to runway
pavement
Forest fires reducing
visibility
Take-off weight
limitations

Forest fires causing
damage to infrastructure
Cold spells

Reduced surface friction
Road maintenance
Technical failure
of vehicles and
infrastructure
Deterioration of
pavement

Ice on trains and catenary Warm and early
winters followed by a
rapid decrease in air
temperature may result
in rougher ice cover
formation and lead to
ice jams and damage
to navigation signs and
infrastructure

Reduced runway friction
Runway maintenance
Deterioration of
pavement
Technical failure
of vehicles and
infrastructure
Icing of aircraft

Heavy
precipitation
(large-scale
systems)

Reduced visibility and
surface friction

Flooding and landslides
damaging infrastructure

Floods and landslides

Scour to structures
Increased instability of
embankments

High river flows, resulting
in problems for passage
of bridges, dike instability
(speed limitations) and
restrictions to the height
of vessels

Reduced visibility and
runway friction
Floods
Reduction in airport
throughput
Runway clearance

Snowfall

Reduced visibility and
surface friction

Reduced visibility and
runway friction

Obstacles on roads owing
to snowdrift and broken
branches

Snowdrift
Runway maintenance
Icing of aircraft
Ground operations
affected

Large-scale
Difficult driving
storms and winds conditions due to gusts
Obstacles on the road
owing to fallen trees and
other objects

Damage to infrastructure
such as signals, catenary,
etc. (e.g. owing to falling
trees)

Severe storms and
extreme waves may
affect maritime
navigation

Increased turbulence
with strong wind gusts
Obstacles on the runways
Safety risks for ground
operations
Safety regulations (wind
threshold may lead to
runway closure)
Disruption to operations
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Table 5.7

Summary of transport vulnerabilities to extreme weather events (cont.)

Extreme
weather event

Impacts on transport modes
Road

Thunderstorms
(strong wind
gusts, lightning,
intense
precipitation, hail)

Rail

Reduced visibility and
surface friction

Reduced visibility and
surface friction

Obstacles on roads

Obstacles on tracks

Failures in transport
control systems

Failures in transport
control systems

Water-borne

Aviation

Extreme storm events
may lead to devastation
of port infrastructure and
disruption of traffic flows
at ports

Reduced visibility and
runway friction
Obstacles on runways
Failures in control
systems
Increased turbulence
Safety risks for ground
operations
Damage to aircraft and
equipment
Safety regulations
(lightning strike may lead
to airport closure)
Disruption to operations

Blizzards (strong
wind gusts,
intense snowfall)

Reduced visibility and
surface friction

Reduced visibility and
runway friction

Obstacles on roads

Obstacles on runways

Failures in transport
control systems

Runway maintenance
Increased turbulence
Safety risks for ground
operations
Safety regulations (wind
threshold may lead to
runway closure)
Disruption to operations

Fog
Source:

Reduced visibility

Own compilation based on EC, 2013; Doll et al., 2014, Jaroszweski et al., 2014; Temme et al., 2014; Golikov et al., 2014: Siedl and
Schweighofer, 2014; Eurocontrol, 2014) and CEDR, 2011.

Table 5.8

Most harmful extreme weather phenomena and their threshold values

Phenomenon

1st threshold: harmful
impacts are possible, 0.33

2nd threshold: harmful
impacts are likely, 0.66

3rd threshold: harmful
impacts are certain, 0.99

Wind (gust speed)

≥ 17 m/s

≥ 25 m/s

≥ 32 m/s

Snowfall

≥ 1 cm/day

≥ 10 cm/day

≥ 20 cm/day

Rain

≥ 30 mm/day

≥ 100 mm/day

≥ 150 mm/day

Cold (mean temperature of the day)

< 0 °C

< – 7 °C

< – 20 °C

Heat (mean temperature of the day)

≥ + 25 °C

≥ + 32 °C

≥ + 43 °C

Blizzard

Source:
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Reduced visibility

A blizzard is considered to
occur when the threshold
values of wind, snowfall
and cold are realised
simultaneously
Leviäkangas and Saarikivi, 2012.
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Map 5.20
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5.5.3 Road transport
The WEATHER project noted that regional climate
models projecting the future cannot reproduce all
weather events with the same accuracy, and results
partially disagree between the models. Purely
temperature-related phenomena (heat waves and
cold spells) can be reproduced fairly well, while
dynamic phenomena (wind and precipitation) are
more challenging. Small-scale phenomena such
as thunderstorms, blizzards and fog cannot be
fully resolved by current models; thus, changes
in these phenomena have to be retrieved using
indirect methods, implying additional uncertainties.
The impacts listed in Table 5.7 refer to direct,
weather‑induced consequences, which in turn have the
potential to cause delays, increased accident rates and
temporary road closures (Enei et al., 2011; Doll et al.,
2014).
The WEATHER project estimated the costs of weather
events for road transport to be roughly EUR 1.8 billion
annually for 2000–2010. Infrastructure costs account
for 53 % of those costs, followed by time costs (16 %)
and health and life (accident-related) costs (13 %).
Costs would increase by 7 % by 2040–2050, mainly
driven by higher infrastructure costs; in fact, the other
components, related to users' costs and services, would
decrease. This increase would not be homogeneous
across Europe: the highest increases were estimated for
France (72 %) and Scandinavia (22 %) (Enei et al., 2011).
The EWENT project provides different results. EWENT
takes into account different patterns in the growth of
road transport for passengers and freight, the former
growing significantly less than the latter. Weather‑related
costs in road transport for the reference year (2010)
were estimated to be EUR 18 billion; in 2040–2070
road accident costs would be reduced by EUR 4 billion,
whereas freight-related costs would increase by
EUR 6 billion (Nokkala et al., 2012).
Relevant research activities to support adaptation
planning are also occurring at the national level,
for example the programme 'Adaptation of road
infrastructure to climate change' (AdSVIS) (110) in
Germany.

5.5.4 Rail transport
Rail transport has been identified as particularly
vulnerable to changes in climate as a result of the
relative complexity of its different sub-systems

(infrastructure, energy, communications and
signalisation) and their exposure to weather conditions
(Nolte et al., 2011). The main threats of climate change
to rail transport are higher temperatures and extreme
weather events such as floods and storms. The effects
of these events are an increased risk of rail buckling,
instability of embankments and damage to bridges
(Altvater et al., 2011). As the climate warms, milder
winter conditions are likely to improve the safety record
for railways in some regions.
Annual average costs of extreme weather impacts
on rail transport for the reference year (2010) have
been estimated by the WEATHER project to be
around EUR 0.3 billion, distributed among vehicles
(41 %), infrastructure (34 %) and users' costs (25 %).
A significant increase of these annual costs (72 %)
would be expected by 2040–2050, affecting mainly
those regions with a combination of dense networks
and particular exposure to higher temperatures and
precipitations, such as France (187 %), the British Isles
(151 %) and Scandinavia (101 %). It is worth noting that,
in spite of this significant relative growth, the absolute
values remain modest compared with the total
turnover of the rail sector (Przyluski et al., 2011).
The EWENT project reported low economic impacts
in 2040–2070 compared with 2010: an increase
of EUR 100 million per year in accident costs and
EUR 17 million per year on freight and logistics costs,
mainly as a result of the effects of extreme weather on
the significantly increasing levels of traffic (Nokkala et al.,
2012).

5.5.5 Air transport
Although aviation already deals with disruptive
weather on a regular basis, it will be affected by
both future changes in extreme weather events
and changes in average climatic conditions such as
temperature. The vulnerability of aviation to extreme
events will further increase because free capacity,
which is currently used to absorb the impact of weather
events, will increasingly be occupied by additional
flights (McCallum et al., 2013). Sea level rise and
flooding could affect airports located in coastal areas
across Europe, and increased extreme weather events
(mainly increased wind and storms) would mainly affect
northern, eastern, western and central Europe and
would have operational impacts such as loss of capacity
and increased delays (Eurocontrol, 2013). Climate
change can also affect the demand for air transport,
e.g. if tourists change their destination choice because

(110) http://adsvis.de/index.php?lang=en.
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of climatic changes (see Section 5.6). These conclusions
are largely consistent with those provided by the
research project MOWE-IT (Temme et al., 2014).
A number of European airports have conducted
site‑specific vulnerability assessments. For example,
London Heathrow Airport conducted a risk assessment
in 2011 (HAL, 2011). The review identified a small
number of climate risks, related primarily to the need to
continue to upgrade the airport's surface water capacity
and flood mitigation, as well as reviewing and upgrading
the building performance standards. The assessment
for Copenhagen Airport found that flooding due to an
increase in extreme precipitation patterns would be the
most significant threat. Rising sea level was not seen as
an important issue for the foreseeable future, despite
the coastal location of the airport (Klimatilspassning,
2014). The French airport administration conducted a
pilot vulnerability study for Nice Côte d'Azur Airport
(DGAC/STAC, 2013), identifying the need for increased
protection from storm surges and sea level rise in
the future. Some climate risks, such as inundation of
ground transport links or loss of utility supply, may
not be directly under the control of the organisation
(e.g. airports).
A brief overview of climate change risks and adaptation
activities at European airports is available in the first
European Aviation Environmental Report (EASA et al.,
2016, Chapter 7).

5.5.6 Water-borne transport
The ECCONET project assessed the impact of climate
change on inland waterway transport as well as
possible adaptation measures. The project uses the
Rhine‑Main‑Danube corridor as a case study, with
special emphasis on low water situations. Results based
on projections from different climate models show no
significant effects on low flow conditions for the Rhine
and the Rhine–Main–Danube canal until 2050. The upper
Danube would experience a moderate increase in low
flow conditions. The trend towards drier summers and
wetter winters will gain in importance towards the end
of the 21st century. Disposition for ice formation on both
the Rhine and the Danube will most likely decrease over
the whole 21st century (Nilson et al., 2012).
Simulations with the NODUS transport model suggest
that projected climate change until 2050 is unlikely to
have a sufficient impact on the hydrology of the Rhine
to induce a significant shift in modal shares. The study
estimates that a 'dry' year leads to approximately a

6–7 % increase in total transport cost compared with a
'wet' year, but these variations are already present under
the current climate conditions and will not be influenced
heavily by climate change until the 2050s (Bruinsma
et al., 2012; Beuthe et al., 2014). Low water levels could
also trigger further effects due to interruptions of the
coal supply to power stations (Rothstein and Halbig,
2010).
The results from other research projects are consistent
with the findings of ECCONET. The German research
programme KLIWAS (111) did not identify distinctive
challenges or restrictions for shipping in inland
waterways or in shipping and waterway infrastructure
in coastal areas (Moser et al., 2012). The MOWE-IT
project concluded that inland waterway transport is
expected to remain a reliable and cost-effective mode
of transport (Siedl and Schweighofer, 2014).
Water-borne transport is particularly sensitive to
river droughts and changes in the ice cover of oceans
and inland waters. In the Arctic, the decline in sea ice
could open up new transport lanes (see Section 3.3.2).
However, the benefits to the regional and global
economy would be modest at best: the trade potential
of Arctic transport between Europe and Asia would
remain rather limited in 2050, at values between
1 to 2.5 million twenty-foot equivalent containers or
around 300–900 transits per year. While this represents
a small improvement for the global transport of
containerised goods, it does not justify any delay in the
environmental actions necessary to protect the Arctic's
fragile environment (EC, 2012; Perrels et al., 2015).
The seaport community has also been interested
in gaining a better understanding of the potential
impacts of climate change. Changes in sea level
and storm intensity, combined with changes in ice
conditions in polar regions, will require responses
related to maritime navigation infrastructure
and operations (PIANC, 2008). However, this
understanding has not resulted in widespread
vulnerability studies. A global survey conducted
in 2009 among port authorities around the world
showed that sea level rise was the key concern for
most of them, and that the majority (63 %) of the
respondents were discussing climate change-related
issues internally, although mainly at an informal level
and infrequently (Becker et al., 2011).
There is scarce evidence of vulnerability assessments
conducted by seaport authorities thus far. One
recent example is the vulnerability study for the
port of Rotterdam, as a part of the vulnerability

(111) Auswirkungen des Klimawandels auf Wasserstraßen und Schifffahrt — Entwicklung von Anpassungsoptionen (http://www.kliwas.de).
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report conducted for the whole metropolitan region
(Rotterdam Climate Initiative, 2009). In the recent
expansion of the port of Rotterdam (the first and
second Tweede Maasvlaktes), higher water levels have
been taken into account in the design of the harbour
and its main access roads (Vellinga and Jong, 2012).
Another example is the city of Hamburg, were an
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adaptation strategy is in place to, among other things,
protect the harbour (Hamburg, 2013). The research
project MOWE-IT included a review of operations in
the case of extreme weather events in the ports of
Limassol (Cyprus) and Southampton (UK) and the
National Grid Grain LNG terminal in London (Golikov
et al., 2014).
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5.6

Tourism

Key messages
• Climatic suitability for general tourism activities is currently best in southern Europe. The most favourable regions for
general tourism are projected to shift northwards as a result of climate change. The touristic attractiveness in northern
and central Europe is projected to increase in most seasons. The suitability of southern Europe for tourism will decline
markedly during the key summer months but improve in other seasons.
• The widespread reductions in snow cover projected over the 21st century will negatively affect the winter sports industry
in many regions. Regions close to the low elevation limit for winter sport will be the most sensitive to the projected
warming. Winter sport locations on southern slopes of the Alps are, on average, more vulnerable than those on the
northern slopes.
• The projected climatic changes are expected to shift the major flows of tourism in Europe and can have substantial
consequences for regions where tourism is an important economic sector. The magnitude of the economic impacts is
strongly determined by non-climatic factors, such as the ability of tourists to adjust the timing of their holidays.

5.6.1 Overview
The Mediterranean region is the world's most popular
holiday destination. Its European shores attract some
120 million visitors from northern Europe each year,
the largest international flow of tourists on the globe
(Amelung and Moreno, 2009). Spain, France and Italy
are the top three EU destinations for outbound trips
made by EU residents in terms of nights spent, with,
respectively, 20.5 %, 13 % and 12 % of outbound trips in
2013 (Eurostat, 2015b). The European tourism industry
accounts for approximately 5 % of the total workforce
in Europe and generates more than 5 % of EU GDP,
and this figure has been steadily rising (ECORYS,
2009). International tourism is estimated to contribute
about 10 % to both GDP and employment in countries
around the Mediterranean Sea. In popular tourist
regions in France, Greece, Italy, Portugal and Spain, the
proportion that tourism is contributing to both GDP
and employment is far above these values (Magnan
et al., 2012).
In Europe, tourism shows a strong seasonality, with the
main peak in the summer season (June–September)
and generally low levels of activity in the rest of the
winter season (October–March), except for a short peak
around Christmas, and somewhat higher levels in the
spring season (April–May) (Eurostat, 2015a). Climate
is an important resource for many types of summer

and winter tourism, and it is a key factor in the place of
origin of tourists and their destination. There are large
regional differences within Europe and among seasons
in the attractiveness of tourism (Eurostat, 2015c). At
present, the predominant tourist flows in summer are
from north to south, in particular to the coastal zone.
For economy of space, this section focuses on 'summer
and beach tourism' on the one hand and 'winter
and mountain tourism' on the other hand. The latter
comprises tourism related to winter sport activity,
but also tourism taking place in the same locations as
winter sport activities, but irrespective of the season,
such as summer mountain tourism. The distinction
between the various kinds of tourism that are
potentially affected by climate change could of course
be richer and more nuanced depending, among other
things, on location and season.
Climate change mitigation could also affect the tourist
sector through increases in fuel costs, which would
influence destination choices, travel modes, length of
stay, etc. (Gössling et al., 2010). These considerations
are not explored further here, given the thematic focus
of this report. Furthermore, adaptation options are not
extensively discussed here, but a recent assessment
at the European level is available from the ToPDAd
project (112) (ToPDAd, 2015). None of the information in
this section is presented as an EEA indicator.

(112) http://www.topdad.eu.
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5.6.2 Summer and beach tourism
A growing number of studies have assessed the likely
impacts of climate change on summer and beach
tourism in Europe. Some of these studies have used
the tourism climate index (TCI), which is a composite
measure for systematically assessing the climatic
elements that are most relevant to the quality of the
tourism experience for the 'average' summer tourist
(Amelung and Moreno, 2009, 2011; Ciscar et al., 2009;
Perch-Nielsen et al., 2010; Nicholls and Amelung,
2015). The TCI uses a weighted aggregate of several
climate variables (i.e. maximum and mean daily
temperature, humidity, precipitation, sunshine and
wind) to assess human comfort for general outdoor
activities (Mieczkowski, 1985). The TCI has been
criticised because of the intrinsic subjectivity of the
weighting and the rating of the components of the
index (de Freitas et al., 2008); however, it has been
partly validated for the Mediterranean countries within
the PESETA study (Amelung and Moreno, 2011).
Map 5.21 compares the TCI for baseline and projected
future climate conditions in Europe in all seasons.
According to these maps, climate resources in the
reference period are generally best in southern
Europe (left column). Over the 21st century, climate
change is projected to shift the latitudinal band of
favourable climate northwards, thereby improving
climate resources in northern and central Europe in
most seasons (central column). Southern Europe's
tourism suitability drops strikingly in the summer
holiday months; this drop is partially compensated
for by improvements in other seasons (right column).
Further detailed analysis of the change in the number
of acceptable, good and excellent days per month for
eight European regions is available in the original study
(Perch-Nielsen et al., 2010).
Several recent studies have used econometric
approaches and economic modelling approaches to
identify the economic impacts of climate change on
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tourism under different assumptions for adaptation
(Barrios and Ibañez Rivas, 2013; Ciscar et al., 2014;
Rosselló and Santana-Gallego, 2014; Perrels et al.,
2015). Despite somewhat different approaches,
all of the available studies come to broadly similar
conclusions (Rosselló-Nadal, 2014). Conditions for
beach tourism averaged across Europe are expected
to improve, as mean temperatures will rise. The
beach season will be prolonged, into spring and
autumn, in southern regions. Competition between
beach destinations in Europe will increase, as climate
conditions at the Atlantic and northern European
coasts improve, while summer temperatures in some
Mediterranean destinations may become too hot in the
summer holiday months, leading to a loss of overnight
stays. However, the Mediterranean region is expected
to remain by far the most popular beach destination
(Perrels et al., 2015). In summary, domestic tourism
and tourist arrivals at locations in northern and parts
of continental Europe may be enhanced at the expense
of southern locations, in particular after 2050 (Kovats
et al., 2014). The economic impacts of these changes
depend largely on whether tourists will predominantly
adapt by changing their destination or by changing
their timing of travel. In particular, a widespread
holiday shift to shoulder seasons would result in
reduced gains for northern destinations and lower
losses for southern destinations (Ciscar et al., 2014).
The European tourism industry is also highly sensitive
to the economic situation in Europe and globally, as
well as to demographic change. Furthermore, tourism
may compete with agriculture or other sectors for land
and water resources, which in turn may be affected
by climate change. These interactions are increasingly
studied at a regional and national level (in particular
in Spain), but they are too complex for systematic
inclusion in European-level assessments. Studies
considering the direct impact on tourism, together
with other climate change impacts, have identified
potentially more severe, but also less predictable,
impacts.
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Map 5.21

Projected changes in the tourism climatic index for the four seasons
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The figure shows the tourism climate index for four seasons in the present period (1961–1990, left) and under future climate change
(2071–2100, middle), and the change between the present and future periods (right). Future climate conditions are based on the SRES A2
scenario and derived from the ensemble mean of five RCMs that participated in the PRUDENCE project.

Source:

Perch-Nielsen et al., 2010. © 2010 Springer Science+Business Media. Reproduced with permission.
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5.6.3 Winter and mountain tourism
The winter sports industry across Europe attracts
millions of tourists each year, generating nearly
EUR 50 billion in annual turnover. The main winter sport
destination in Europe is the Alps, where 69 % of Alpine
ski areas in Germany, 87 % in Austria, 93 % in Italy and
97 % in France and Switzerland can be considered
as naturally snow reliable under the present climate
(Agrawala, 2007). However, warm winters have already
affected Alpine winter tourism. For example, in the
record warm winter of 2006/2007, some low‑altitude
ski areas in Austria were not able to offer a continuous
skiing season from December to April, despite being
equipped with artificial snow-making (Steiger, 2011).
The widespread reductions in snow cover projected
over the 21st century will affect snow reliability
and consequently the length of the ski season (see
Section 3.3.5). Substantial reductions in naturally
snow‑reliable ski areas have been projected for the
Alps, the Pyrenees, the Black Forest region in Germany,
and Sweden (Agrawala, 2007; Moen and Fredman,
2007; Endler and Matzarakis, 2011; Steiger and Stötter,
2013; Steger et al., 2013; Pons et al., 2015). Low-lying
ski areas are the most sensitive ski areas to climate
change. Studies have estimated that an increase in
mean temperatures of 1 °C will reduce the skiing season
by four to six weeks in low-lying regions in the Alps,
primarily as a result of earlier spring melting (Hantel
et al., 2000; Beniston et al., 2003). An analysis for
Switzerland estimates that the altitude limit above which
a region is considered 50 % snow reliable will increase
from 1 400 m in the 2000s to 2 200 m in the 2080s
under a medium emissions scenario (SRES A1B) (Steger
et al., 2013). Overall, conditions for winter tourism are
expected to worsen in winter owing to reduced snow
reliability, with winter sport activities being negatively
affected before 2050, particularly at low altitudes and in
the presence of limited adaptation options. On the other
hand, traditional winter sport areas may become more
attractive for tourist activities in summer.
Artificial snow-making is the main technical adaptation
option for winter tourism destinations. Its cover has
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increased significantly in recent years, for example
from less than 10 % of the total ski area in Switzerland
in 2000 to 36 % in 2010 (Rixen et al., 2011). However,
there are both environmental and economic
constraints to an expansion of artificial snowmaking, which can offer only limited and increasingly
expensive protection from climate change impacts
(Steiger and Stötter, 2013; Damm et al., 2014; Kovats
et al., 2014). Investments in alternative activities
during winter or all-year-round tourism may partly
compensate for the loss in overnight stays, depending
on the attractiveness of the location for non-winter
sport tourism.
The economic impact of the worsening snow reliability
projected for most European ski resorts depends
strongly on tourists' adaptation choices. When tourists
stick to skiing but change the month (within the winter
season) in which they go and/or the destination, this
will affect the competition between skiing areas, with
the southern part of the Alps (e.g. in France and Italy)
losing overnight stays and the comparatively snowreliable northern parts of the Alps and Scandinavia
benefitting from climate change. If tourists change
their holiday type, all skiing areas face a reduction in
overnight stays (Perrels et al., 2015).
Socio-economic and demographic changes can also be
important factors for future winter sport tourism. One
study on the Austrian Alps concluded that declining
and/or ageing populations in source countries are a
more immediate threat than climate change to winter
tourism in the first half of the 21st century, after which
the effect of rising temperatures will dominate (Steiger,
2012).
Some winter tourism, in particular in Nordic regions,
depends on a snowy landscape, despite not necessarily
being related to winter sport activities. Hence, Nordic
tourism can be threatened by the loss of reliable snow
cover in winter and the related damage to the general
perceptions of the northern landscape as a snowcovered backdrop of outdoor and traditional activities,
even outside winter sport resorts (Tervo-Kankare et al.,
2013; Kaján, 2014).
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6 Multi-sectoral vulnerability and risks

The degree to which regions, sectors, population
groups and infrastructure in Europe are affected by a
changing climate is determined by a complex interplay
between climatic and non-climatic factors, as well as by
multiple interdependencies and feedback loops across
climate-sensitive sectors. The objective of this chapter
is to synthesise available information on climate change
vulnerabilities and risks in Europe from an integrated
perspective. Note that the terms 'vulnerability' and 'risk'
are used differently by various scientific communities,
practitioners and decision-makers. This requires that
care be taken in interpreting and comparing results
from different (quantitative) studies using these terms.
For a more detailed discussion, see Section 1.4.
'Integration' in this chapter refers, first, to the
assessment of vulnerabilities and risks arising from the
interaction between changing physical characteristics
of the climate system and evolving characteristics
of socio‑economic systems; such studies have been
becoming increasingly common. Second, integration
refers to the assessment of climate change impacts
on different sectors and systems with a consistent
methodology. Third, integration refers to the assessment
of the effects that climate change impacts on one
sector have on other sectors. Within this framing, the
chapter is structured based on different geographical
scales: pan‑European, European cross‑border regions,
European macro‑regions and urban regions. This
structure enables regional differences or commonalities
with respect to climate‑related risks and vulnerabilities
to be identified that are not captured explicitly in other
chapters of the report.
Section 6.1 summarises the available information
on scenarios for selected non-climatic (in particular
socio‑economic) factors that are relevant for
determining current and future climate change

vulnerabilities and risks across Europe. These
scenarios complement the global scenarios presented
in Section 1.2. Section 6.2 synthesises information
from various Europe-wide climate change impact,
vulnerability and risk assessments that are consistent
in approach and methodology across multiple
sectors or systems. This allows for the identification
of geographic regions of compound risk in Europe —
'hotspots' — that might be regarded as particularly
susceptible to a changing climate. Note that Section 4.5
presents estimates of climate-related changes in
ecosystems services, but the results presented here
(i.e. in Chapter 6) also consider the coping capacity
of socio‑economic sectors. Section 6.3 provides an
assessment of the economic impacts of climate change
across multiple sectors and the wider economy.
Section 6.4 provides an overview of cross-border
(spill‑over) effects of climate change, i.e. climate change
impacts occurring outside the European territory
that could affect Europe. Section 6.5 summarises
climate change risks and vulnerabilities in selected
transnational macro-regions that have similar
biogeographical characteristics. Finally, Section 6.6
summarises vulnerabilities that are particular to urban
regions.
The information presented in this chapter is relevant for
European adaptation policy for various reasons, such as
its integrative perspective combining both climatic and
non-climatic factors and different sectors and systems,
and the fact that it considers multiple geographical
scales. However, the content is not suitable to be
presented as EEA indicators for various reasons, such
as the limited availability of observed data, uncertainty
about the continuity of project‑specific information,
information being presented as relative (unitless)
values and the availability of information for certain
geographical regions only.
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6.1

Socio-economic scenarios for Europe

Key messages
• Population size in eastern Europe is projected to decrease considerable during the 21st century, with declines of up to 50 %
in some countries and scenarios. Population projections for western Europe vary across scenarios and individual countries.
For western Europe as a whole, some scenarios project slight increases in population size until the middle of the century,
followed by a decline thereafter, and still others assume a continuous decline throughout the 21st century.
• Ageing of the population is projected to rise substantially in both western and eastern Europe. Total fertility rates are
projected to stay below the natural replacement rate.
• Urbanisation is projected to further increase throughout all scenarios. The difference between scenarios in the proportion of
the population made up of urban populations is much larger in eastern than in western Europe, where the urban population
is expected to increase to more than 90 % of the population in most countries.
• Some economic growth is projected under all scenarios, but the magnitude of growth varies strongly between the scenarios,
particularly in western Europe. Available projections suggest that the current substantial gap in GDP per capita between
eastern and western Europe is expected to be significantly reduced throughout the century, but not to vanish completely.
• Estimates of trends in adaptive capacity suggest increasing capacities to cope with the consequences of climate change.
However, the current pattern of higher capacity in central and north-western Europe and lower capacity in southern and in
particular (some of) eastern Europe is expected to prevail to some degree

Non-climatic factors and trends have a significant (and
often even dominant) role in shaping the exposure
and vulnerabilities of regions, sectors and people, thus
contributing to changes in overall climate-related risks.
Recent European studies show this for several sectors,
such as water, agriculture and forestry (Audsley et al.,
2014; Wimmer et al., 2014). For notational convenience,
the following text refers to the range of non-climatic
developments as 'socio-economic developments'. This
section provides information on how these non-climatic
factors might change in Europe during the 21st century,
thereby complementing the global scenarios presented
in Section 1.2.
This section is structured based on two dimensions.
First, it summarises projections of key socio-economic
variables for the five SSPs (for details see Section 1.2,
distinguishing between western and eastern Europe and
using additional information from recent assessments
by the European Commission (EC, 2014b; EEA, 2015).
The second dimension summarises results from studies
that attempt to capture the role of different non-climatic
factors by combining them into one metric of adaptive
capacity (or coping capacity). Estimates of adaptive
capacity also include projections, where available.
The use of different scenarios across impact and
vulnerability assessments makes comparisons
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challenging. From a European vulnerability
assessment perspective, particularly relevant sets
of scenarios are the IPCC SRES scenarios, the SSP
scenarios, and four socio-economic scenarios from
the CLIMSAVE project that have been developed jointly
by the project and stakeholders in a participatory
approach (Dunford et al., 2015; Kok, Bärlund, et al.,
2015). The SSP, SRES and CLIMSAVE scenarios do not
fully match one another, but may be compared to
some extent (see Table 6.1).
For example, the SSP3, SRES-A2 and CLIMSAVE
'Icarus' scenarios all assume increasing international
fragmentation, characterised by increasing antagonism
between countries and within regional blocs, weak
international cooperation and governance, low
economic and technological development, low social
cohesion, low environmental respect, and high carbon
intensity. Likewise, the SSP2 and SRES-A1B scenarios
share a certain degree of common 'middle of the road'
assumptions (i.e. a development where future trends
reflect patterns of change from the past decades, while
CLIMSAVE has not developed such a scenario). This
means that the vulnerability assessments in Section 6.2
that are based on these two scenarios (SSP2 and
SRES‑A1B) are to some extent directly comparable with
respect to their underlying assumptions about future
socio-economic conditions.
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Table 6.1

Comparison of SSP, SRES and CLIMSAVE scenarios

SSP

SRES

CLIMSAVE

Archetype

SSP1

B1/A1T

'We are the world'

Global sustainability

SSP2

B2/A1B

–

Patterns of historical experience

Match is rather poor

SSP3

A2

'Icarus'

International fragmentation

Very good match

SSP4

A2

'Riders on the storm'

Inequality at all levels

Poor match of SSP4 vs. A2

SSP5

A1FI

'Stay or go'

Market-driven development

Poor match of SSP5/A1FI vs. 'Stay or go'

Source:

Comment

Adapted from van Vuuren and Carter, 2014; and Kok et al., 2015.

Demographic and economic scenarios
A set of quantitative demographic and economic
projections has been developed through a coordinated
effort across multiple international modelling teams
and they are internally consistent based on the five SSP
narratives (Kriegler et al., 2014; O'Neill et al., 2014; van
Vuuren et al., 2014; O'Neill et al., 2015). Some relevant
elements are summarised below, distinguishing
between trends for western and eastern Europe
(for a list of countries in both regions, see the note
underneath Figure 6.1). In addition, semi‑quantitative
and qualitative information on potential
socio‑economic developments in Europe for the
different SSPs is available in the form of storylines and
trends for a variety of variables from the FP7 projects
BASE (113) (see Section 6.2) and IMPRESSIONS (114)
(Kok, Pedde, et al., 2015).
There are also other relevant projections including
the World Population Prospects (UNDESA, 2015) and
a study from the European Commission (EC, 2014b),
which do not follow the SSP logic but provide different
projections. The European Commission's study uses a
single EUROPOP2013 (European Population Projections,
base year 2013) convergence scenario (Eurostat,
2013). It is limited to the EU-28 Member States and
to a time horizon until 2060, but its results are largely
within the range of the SSP scenario family. Note
that relevant socio‑economic projections for climate
change assessments may also be derived from other
Commission sources, such as the CAP context indicators
(EC, 2014a).
Projections for population size for western Europe
vary across the five SSPs, ranging from a steady
increase from 410 million in 2010 to 670 million
in 2100 (SSP5), to significant declines to 350 and
260 million (SSP4 and SSP3, respectively). SSP1

and SSP2 assume initial moderate increases that
peak around the middle of the century and decline
thereafter. In sharp contrast, the population is
projected to decrease for all five SSPs in eastern
Europe. The strongest decrease is projected for SSP4,
with a drop from 130 million in 2010 to 70 million
(about half of its size) in 2100. For Turkey, which
currently has about 73 million inhabitants, three
SSPs project only slight changes, while SSP2 and
SSP3 project significant population increases to
90 or 150 million by 2100, respectively.
According to the European Commission study, the
population of the EU-28 is projected to increase
slightly from 507 million in 2013 to a peak of about
530 million in 2050, and decline thereafter. Large
differences are expected across the EU, with some
countries projected to lose more than a quarter of
their current population (e.g. Lithuania, Latvia and
Bulgaria), while in other countries increases of 25 % or
more are expected (e.g. Belgium, Sweden, the United
Kingdom). One driver is the total fertility rate, which
is expected to stay below the natural replacement
rate of 2.1 in the coming decades, although rising
from 1.59 in 2013 to 1.76 in 2060. Other factors
determining population size are life expectancy at
birth, which is projected to increase from 77.6 years in
2013 to 84.7 in 2060, albeit with substantial variation
across Europe, and net migration, which is expected to
increase further, with the highest levels in countries
such as Italy or Germany.
Ageing of the population is projected to increase
substantially throughout Europe for all SSPs. For
western Europe, the percentage of people aged 65 or
older is currently around 18 %, and this proportion
is projected to roughly double by 2100 (minimum
proportion of older people projected to be 33 %
for SSP5; maximum proportion of 45 % for SSP4).

(113) BASE: 'Bottom-up Climate Adaptation Strategies Towards a Sustainable Europe'.
(114) IMPRESSIONS: 'Impacts and Risks from High-end Scenarios: Strategies for Innovative Solutions'.
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Figure 6.1

Projected European trends for key socio-economic factors for the five shared socio-economic
pathways
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The division between western and eastern Europe was based on the region groupings of the IIASA SSP database (version 1.0). Western
Europe comprises the following countries: Austria, Belgium, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy,
Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland and the United Kingdom. Eastern Europe comprises
the following countries: Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, the Czech Republic, Estonia, the former Yugoslav
Republic of Macedonia, Hungary, Latvia, Lithuania, Malta, Montenegro, Poland, Romania, Serbia, Slovakia and Slovenia. Turkey was
not included in the region 'east', as many of its current and projected socio-economic variables differ significantly from those of the
countries included in the region 'east'. Instead, some key numbers for Turkey are provided in the text.

Source:

Cuaresma, 2015; Dellink et al., 2015; Jiang and O'Neill, 2015; Samir and Lutz, 2015; Leimbach et al, 2015; data available from the IIASA
SSP database (version 1.0).
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For eastern Europe, the variation across the SSPs is
somewhat larger, and the proportion of older people
by 2100 is projected to be between 29 % (SSP3) and
50 % (SSP1). The European Commission study agrees
with the ageing development, owing to the dynamics
between fertility, life expectancy and migration. The
EU‑28 old-aged population (65 years and older) is
projected to rise from 18 % in 2013 to 28 % in 2060,
while the group of people aged 80 years and older is
projected to become as numerous as the population
aged 0–14 years (both groups projected to be around
12 % of the total population in 2060).
Levels of urbanisation are currently at 77 % in western
and 62 % in eastern Europe, and continuous increases
are projected for both regions and across all SSPs.
Like for the ageing trend, the variation in urbanisation
across SSPs is smaller for western Europe, where
urbanisation might reach a level of 94 to 96 % in 2100,
while urbanisation in eastern Europe depends more on
the SSP (ranging from only 71 % for SSP3 to 95 % for SSP5
in 2100). A range very similar to that of eastern Europe is
projected for Turkey.
Projections of economic development are available from
three different models (see Figure 6.1), and similar
trends are projected for western and eastern Europe
across the five SSPs. All SSPs assume a steady growth
in wealth (measured as GDP per capita, adjusted for
purchasing power) and a significant reduction in the
current gap in GDP per capita between western and
eastern Europe. SSP3 assumes the slowest growth
throughout the century, whereas SSP5 at the other
extreme assumes the strongest increase in wealth,
where GDP per capita increases by factors of five
(western Europe) and seven (eastern Europe) throughout
the 21st century. For Turkey, most scenarios project a
similar trend as for eastern Europe, with a significant
growth in wealth that converges towards the wealth
levels in western Europe. In the European Commission
study of the EU‑28, the annual average GDP growth rate
is projected to remain stable at moderate levels of 1.1 to
1.5 % up to 2060.
Scenarios of adaptive capacity
Adaptive capacity is defined in the IPCC AR5 as
'the ability of systems, institutions, humans, and
other organisms to adjust to potential damage,
to take advantage of opportunities, or to respond
to consequences' of climate change (IPCC, 2014,
Annex II: Glossary). Some scholars further distinguish
between proactive and reactive forms of capacity
to adjust, and refer to these two forms as adaptive

capacity and coping capacity, respectively (Tinch et al.,
2015). Regardless of this distinction, the principal
idea is to combine the various socio-economic factors
that determine the extent to which a sector, society
or region is able to deal with the consequences of
climate change into an aggregated estimate of overall
generic capacity. Indicator-based approaches are
often employed to derive quantitative estimates (for
their pros and cons, see Section 1.4).
One of the first studies including scenarios on
the potential future development of adaptive
capacity across European regions used a composite
indicator of generic adaptive capacity based on
six determining factors: 'equity', 'knowledge',
'technology', 'infrastructure', flexibility' and 'economic
power' (the ATEAM (115) project) (Acosta et al., 2013).
Its spatial coverage was limited to 15 European
countries. Recent work from the CLIMSAVE project
has supplemented the ATEAM approach by
constructing a generic indicator of coping capacity
at the pan‑European scale based on four capitals:
'human capital', 'social capital', 'manufactured
capital' and 'financial capital' (Dunford et al., 2015;
Tinch et al., 2015). Each capital is represented by
two indicators (e.g. 'life expectancy' and 'tertiary
education' as proxies for estimating human capital).
The results for the current situation show that the
highest coping capacities are in north-western Europe
and Switzerland, while many regions in eastern and
southern Europe show low or very low coping capacity
(see Map 6.1).
The CLIMSAVE coping capacity indicator (based on
the four capitals, see previous paragraph) has also
been projected into the future, based on four socioeconomic scenarios (see Table 6.1). For each of the
four scenarios, the direction and magnitude of change
for the four capitals of the coping capacity indicator
were quantified, together with stakeholders. The
results from this exercise show that overall coping
capacity is assumed to either improve or deteriorate
substantially towards the 2020s and even further
towards the 2050s, depending on the scenario.
However, the currently prevailing spatial distribution
across Europe of a higher capacity in central and
north-western Europe and a lower capacity in
southern and in particular in (some of) eastern
Europe is projected to prevail across all scenarios
(see Map 6.1). These general trends and patterns do
not give information about particular threats and
specific local contexts, and should therefore be used in
conjunction with hazard-, sector- and location-specific
information.

(115) ATEAM: 'Advanced Terrestrial Ecosystem Analysis and Modelling'.
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Map 6.1
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Source:

Adapted from Dunford et al. 2015. © 2014 Authors. This article is published with open access at Springerlink.com.
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6.2

Multi-sectoral impacts and vulnerabilities across Europe

Key messages
• The degree to which European regions are vulnerable to climate change is determined by the vulnerability of multiple
sectors, and by interdependencies and feedback loops across these sectors. In particular, the water, agriculture, forestry
and biodiversity sectors show strong interdependencies with each other and with non-climatic developments, such as
changing land-use patterns and population change. These interactions require careful attention with respect to climate
adaptation policy development.
• Projections of the spatial distribution of climate change impacts and vulnerabilities across multiple sectors suggest that
south-eastern Europe, Italy and France will be hotspot regions with the highest number of sectors severely affected. An
assessment with a focus on ecosystem services identifies the same spatial hotspots in south-eastern Europe, but indicates
the Alps and the Iberian Peninsula as additional hotspots.
• An assessment that explicitly distinguishes between seven climate hazards, including droughts, fires and sea level rise,
identifies southern Europe, but also coastal areas and floodplains in the western parts of Europe, as multi-sectoral
hotspots.
• The overall conclusion from available studies of multi-sectoral impacts and vulnerabilities is that the greatest challenges
appear to be concentrated in the south-eastern and southern parts of Europe.
• Opportunities for technological and social innovations are greater for scenarios assuming well-functioning governance
and international cooperation.

6.2.1 Introduction
In order to facilitate informed policy decision-making
about adaptation strategies, it is necessary to
understand and quantify how climate change impacts
and vulnerabilities in different sectors overlap and
interact, and how this might alter climate adaptation
pressure. Integrated assessments of climate change
vulnerability and risk that are systematic and consistent
in approach and methodology are a means to
address this need. They provide a more holistic and
comprehensive understanding of interdependencies,
potential synergies and trade-offs between sectors in
a changing climate, thus facilitating the exploration of
adaptation options to reduce associated vulnerabilities
in Europe.
This section summarises information available from
recent integrated assessments covering multiple
sectors with a pan-European spatial coverage: the
IMPACT2C (116) project (IMPACT2C project, 2015),
the FP7 CLIMSAVE project (Harrison et al., 2015), a
multi-hazard climate risk assessment supported by

the FP7 ENHANCE project (Forzieri et al., 2016) and
a storyline‑based synthesis by the FP7 BASE project
(BASE project, 2016). Studies at national or regional
level also exist, here illustrated with a study for
Germany.
Some earlier integrated assessments of climate change
vulnerability and risk across Europe are not included
here. The ESPON Climate project (ESPON Climate, 2011)
provided one of the first comprehensive pan-European
multi-sectoral assessments of vulnerability, which was
extensively reported in the previous version of this
report (EEA, 2012, Section 5.3). The RESPONSES (117)
project conducted a quantitative multi-hazard
vulnerability assessment for several weather hazards
across Europe: heat stress, river floods and forest fires
(Lung et al., 2013). This assessment considered the
combined effects of climatic and non-climatic factors,
such as adaptive capacity. The multi-hazard assessment
also allowed vulnerability hotspots to be identified.
Owing to space limitations, we focus in this section on
the more recent results from the above-mentioned
projects.

(116) IMPACT2C: 'Quantifying projected impacts under 2°C warming'.
(117) RESPONSES: 'European responses to climate change: deep emissions reductions and mainstreaming of mitigation and adaptation'.
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The different pan-European assessments vary
considerably with respect to their coverage and
specification of sectors and themes, their underlying
methodological frameworks and their usage of climatic
and non-climatic scenarios. Despite these differences,
a compilation and comparison (to the extent possible)
of the outcomes of these assessments sheds light on
predominant cross-sectoral interactions resulting from
the combined effects of climatic and socio-economic
scenarios. In addition, it might also help to identify
geographical 'hotspot regions' within Europe that
are projected to be affected most severely by climate
change. Such analyses can serve as a starting point for
prioritising supplementary regional case studies on
vulnerability, interactions and feedbacks between the
affected sectors (Piontek et al., 2014).

and sectors, e.g. to determine so-called vulnerability
hotspots. Cross-sectoral assessments (e.g. the
CLIMSAVE project), in contrast, also consider important
interdependencies and feedbacks between different
sectors (see Figure 6.2), which enables climate change
impacts and adaptation to be assessed in the context
of climate change mitigation or other policy concerns.
Such assessments require careful consideration
between the added complexity of explicitly modelling
interdependencies between sectors on the one hand
and the improved realism of the assessment results on
the other (Huber et al., 2014).
6.2.2 Multi-sectoral assesments

In the context of this section, it is helpful to distinguish
between multi-sectoral and cross-sectoral assessments.
Multi-sectoral assessments, such as the work within the
IMPACT2C project, combine the results from separate
assessments for various climate-sensitive systems

Figure 6.2

Large parts of the Nordic countries and the Baltic
countries, as well as some parts of central and eastern
European countries (Austria, the Czech Republic Poland,
Slovakia), have been identified as multi-sectoral hotspot
'winners' (see left panel of Map 6.2). This means that
multiple sectors in these regions might benefit from
a warming climate. On the contrary, most regions in

Examples of interdependencies between climate impacts on different sectors
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Each arrow, overlain on the standard impact table from the IPCC AR4 (Parry et al., 2007), illustrates an example of inter-sectoral
feedback.
* Feedbacks recently studied in the context of ISI-MIP (118).

Source:

Adapted from Huber et al., 2014.

(118) ISI-MIP: 'Inter-Sectoral Impact Model Intercomparison Project'.
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Map 6.2

Projected 'winners' and 'losers' from climate change
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Source:

Adapted from IMPACT2C project, 2015.

southern Europe have been identified as multi-sectoral
hotspot 'losers', indicating that the impacts from a
changing climate on the sectors in these regions are
projected to be predominantly negative. Regions with
a particularly high number of sectors projected to be
negatively affected are found on the Iberian Peninsula,
in southern and central France, and in Italy (see right
panel of Map 6.2) (IMPACT2C project, 2015). Likewise,
a study by the ISI-MIP project has identified southern
(and also south-eastern) Europe as the region with
potentially the most severe impacts across multiple
sectors in Europe (and actually the second largest
hotspot region globally) (Piontek et al., 2014).

(net primary productivity and soil organic carbon). For
each criterion, winner hotspots and loser hotspots
were defined based on EU policy thresholds and
scientific literature (depending on availability). Robust
hotspots were defined either based on a majority rule,
such that the majority of models (e.g. 6 out of 10) had
to agree that a given grid cell was indeed a hotspot,
or, for some criteria, based on the median response
over all simulations. In the assessment, however,
SSP information (i.e. potential future socio-economic
changes, such as demography and economy) was taken
into account only for tourism (SSP1, 2 and 3).
6.2.3 Multi-hazard exposure

The IMPACT2C results emerge from an assessment of
eight impact criteria in relation to the sectors 'water',
'agriculture', 'tourism' and 'ecosystems', and based
on up to 10 regional climate models simulating the
RCP4.5 and RCP8.5 scenarios. The impact criteria used
are cooling water level, hydrological droughts (river
low flow level, 10-year return period), floods (10-year
return period), crop yield (winter wheat), value at risk
for summer and winter tourism (measured as changes
in overnight stays), and terrestrial ecosystem function

Multi-sectoral impacts and vulnerabilities can also be
studied by explicitly distinguishing between multiple
climate-related hazards. Such an approach shows that
Europe could face a progressive increase in overall
climate-related hazards from the 2020s to the 2050s
and further to the 2080s, with a prominent spatial
gradient from north-eastern towards south-western
Europe (see Map 6.3). This gradient is mainly driven
by projected increases in heat waves, droughts and
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of hazard occurrence of at least 20 % for three or even
four out of the seven hazards considered. In addition,
when assuming a higher increase in the probability of
hazard occurrence (i.e. at least 100 %, which means
that the likelihood of a hazard occurrence has doubled),
most of these regions are projected to be affected by
three to four hazards (see Map 6.3). These patterns
confirm the critical role of south-eastern and southern

wildfires. Key hotspot areas of particular concern
(i.e. with exposure to three or four hazards) are found
along the coasts and in floodplains.
By 2080, most areas in Spain, France, Italy, the Balkan
countries, Bulgaria and Romania, but also in the
Netherlands, the United Kingdom and Ireland, are
projected to be affected by increases in the probability

Map 6.3

Projected increase in multi-hazard exposure
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Adapted from Forzieri et al., 2016.
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Europe as hotspots of climate change impacts and
vulnerabilities. Furthermore, these results also highlight
the risk that multiple climate-related hazards will
extend northwards to central and western Europe in
the coming decades, as has already been pointed out
by previous multi-hazard assessments (e.g. Lung et al.,
2013).
These results are based on a set of regional climate
model simulations under the SRES A1B scenario with
a reference period (1981–2010) and three projected
periods (2020s, 2050s and 2080s). The approach
follows the definition of vulnerability by the disaster
risk community (see Section 1.4). Seven climate-related
hazards have been covered: 'heat waves', 'cold waves',
'droughts', 'wildfires', 'river floods', 'coastal floods' and
'windstorms' (Forzieri et al., 2016). In terms of exposed
assets, the assessment focused on direct damages
to physical infrastructure and distinguished between
the four key sectors 'energy' (power plants related
to coal, gas, nuclear, oil, biomass, hydro, solar and
wind; electricity networks; gas pipelines), 'transport'
(roads, railways, inland waterways, ports, airports),
'industry' (metal, minerals, refineries, chemical, water
and water treatment) and 'social' (education and
health institutions). Climate sensitivity was estimated
semi‑quantitatively based on an expert survey and

Map 6.4
-30°

literature-based evidence. The three components
(climate hazards, exposed assets and climate
sensitivity) were integrated to derive quantifications of
overall risk. Note that the assessment was based on the
current configuration of assets (i.e. assuming no change
in the current distribution of critical infrastructure)
(Forzieri et al., 2016). A related study assessed the
economic impacts of the projected changes in hazard
exposure on critical infrastructure in Europe (Forzieri
et al., 2015).

6.2.4 An ecosystem service perspective
An alternative perspective to assessing multi-sectoral
impacts and vulnerabilities is to take ecosystem
services as the point of departure, by selecting and
modelling, for each sector considered, one or several
key ecosystem services that are associated with
that sector. The results of the ecosystem service
approach are shown in Map 6.4. When assuming a
low vulnerability scenario (see left panel of Map 6.4),
only very few areas are projected to be vulnerable
to multiple ecosystem services, most notably the
Alps, parts of Scandinavia (provisioning of food and
landscape diversity) and pockets in Hungary and
France (food, landscape diversity and biodiversity).
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Under high vulnerability assumptions, almost 90 %
of the population is projected to be vulnerable to
at least one sector by 2050, and hotspot areas with
vulnerability to three or more sectors are found in
particular in southern and south-eastern Europe (Italy,
Hungary, Romania, Bulgaria, Greece), but also on the
Iberian Peninsula and in parts of Scandinavia (see
right panel of Map 6.4). The apparent vulnerability
of Scandinavia is, however, strongly driven by the
assumption that a homogeneous landscape causes
vulnerability (Dunford et al., 2015). Therefore, the
large forested areas in Scandinavia that do not
have food production (agriculture) will appear as
vulnerable, even though the human population is
not necessarily greatly affected by all changes in the
forests.
These results stem from the CLIMSAVE project, which
has developed an integrated assessment platform
combining models for the six sectors 'agriculture',
'forestry', 'biodiversity', 'water', 'flooding' (coasts
and rivers) and 'urban' under different climate and
socio-economic scenarios for the 2020s and 2050s.
Note, however, that the definition of 'sectors' differs
partly from that used in the ISI-MIP study (Piontek
et al., 2014) and does not refer purely to economic
activities but also refers to particular processes
such as urban development, flooding or water
availability. The six ecosystem service indicators
were selected, with priority given to those that are
inherently cross‑sectoral (the sector is in brackets):
(1) 'food provision' (agriculture), (2) 'water exploitation
index' (water), (3) 'flood regulation index' (flooding),
(4) 'biodiversity index' (biodiversity), (5) 'land use
intensity' (agriculture/forests) and (6) 'landscape
diversity' (agriculture/forest/urban) (Dunford et al.,
2015).
The platform explicitly models the interdependencies
between the six sectors and has been made available
to the general public as a web-based explorative tool. It
contains climate scenarios for five climate models and
four SRES emissions scenarios (A1, A2, B1 and B2), and
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for four stakeholder-derived CLIMSAVE socio‑economic
scenarios (Kok et al., 2015). The platform projects
impacts for a range of sectoral and ecosystem service
output indicators, six of which have been selected to
assess vulnerability (representing one key ecosystem
service indicator for each sector). For further
information on the potential consequences of climate
change on ecosystem services, including the CLIMSAVE
project and an IPCC literature review from its AR5, see
Section 4.5.
Vulnerability as depicted in Map 6.4 comprises the
following elements: (1) potential impact, (2) the level
of adaptation in place to reduce that impact and
(3) the societal coping capacity available to address
the impact that remains after adaptation. Thresholds
were specified for each element in order to determine
when vulnerability becomes an issue. Two summary
statistics, 'total vulnerable area' and 'number of
vulnerable people', were calculated and maps of
'hotspots' (see Map 6.4) were produced by spatially
overlaying the results for the six ecosystem services
(Dunford et al., 2015).
An analysis of cross-sectoral interdependencies
suggests that the sectors 'water', 'agriculture',
'forestry' and 'biodiversity' in particular are highly
sensitive to trends and changes in other sectors
(Kebede et al., 2015). This means that these four
sectors are very likely to be indirectly affected by
climate change through impacts in other sectors. The
CLIMSAVE assessment also confirms the crucial role
of non-climatic factors, such as changing land‑use
patterns or population changes, in determining overall
vulnerability and risk. For example, while flood risk
is projected to generally increase (except in parts of
eastern Europe) under climate-only assumptions,
the patterns of flood risk are more nuanced or even
diverging across European regions when different
socio-economic scenarios are taken into account
(Harrison et al., 2015). This shows that proactive
adaptation can reduce climate change vulnerability
(Jäger et al., 2015).
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Box 6.1

National case study: the German vulnerability assessment

As requested by the first German national Adaptation Action Plan (APA I) in 2011, a standardised, cross-sector assessment
of current and future climate change impacts and vulnerabilities was prepared in 2015 in order to provide official evidence
for the second Adaptation Action Plan (APA II). The APA II and the vulnerability analysis are part of the progress report
for the German Adaptation Strategy, adopted in 2015. The cross-sector assessment required the cooperation of many
actors from various areas of expertise. For this reason, the Federal Ministry for the Environment (BMUB) and the Federal
Environment Agency (UBA) started the Vulnerability Network in 2011. This network is composed of 16 Federal agencies and
institutes, mandated by their ministries, and was supported by a scientific consortium. By working together, a co-design of
the assessment could be reached, which also facilitated the communication and ensured the applicability of the results in
the following political process.
First, the Vulnerability Network created a consistent cross-sector methodology based on a joint understanding of
vulnerability and of related terms adapted from the concept of vulnerability, as set out in the IPCC AR4 (2007). To visualise
the cause–effect relationships between climate drivers and possible impacts, as well as the connections between the
15 areas for action of the German Adaptation Strategy, the network defined 'impact chains'. These represent climate drivers
that influence particular climate impacts. Out of the about 170 impacts identified, network partners chose 72 for further
analysis and 38 could be at least partly quantified for three time frames: the present, the near future (2021 to 2050) and the
distant future (2071 to 2100).
Key sensitivities were subsequently worked out by invited experts and network partners. For the near future, two scenario
combinations, one for a strong and one for a weak change based on socio-economic and climate change scenarios, were
used to cover the range of possible futures. For the remote future, no socio-economic scenarios were available. Therefore,
these results rest only upon the ensemble of climate change projections.
In a final step, the confidence level and the significance of the results for Germany were accessed by the Network. For
each area for action, information on its adaptation capacity, based upon expert interviews, was combined narratively
by using a matrix with the potential sectoral climate change impact, to give a rough estimation of its vulnerability (low,
medium or high). For example, the climate change impact potential of the water sector was calculated as 'medium to
high' as a weighted mean of the investigated single climate change impacts in the water sector (see Table 6.2) for the near
future under strong change. In combination with the adaptive capacity of the water sector, which was also estimated to be
medium to high based on expert interviews, its vulnerability is considered to be medium.
The key impacts of climate change in Germany until the middle of the century will be heat waves in urban regions, fluvial
floods, particularly in northern Germany, and flash floods in southern Germany. These climate impacts will threaten mainly
human health and infrastructures in urban agglomerations. Gradual climate change is already affecting biodiversity,
agriculture and forestry, as well as human health. In the long term, dry spells will also have an important effect on water
uses, mainly in rural areas, and sea level rise will affect the coasts. The areas for action that are expected to be strongly
affected by climate change in the future are construction and coastal and sea protection. Construction, fisheries and
biodiversity are the most vulnerable areas for action.
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Box 6.1

National case study: the German vulnerability assessment (cont.)

Table 6.2

Climate change impacts in the water sector in Germany

Climate drivers:

Temperature

Precipitation

Dryness

Main sensitivity factors:

Land use, population density, water uses

Climate change impact potential:

Medium to high (near future)

Adaptive capacity :

Medium to high

Vulnerability:

Medium (near future)

Climate change
impact

Data source

Run-off

Process model

Fluvial floods and
flash floods
Effect on
canalisation and
treatment plants
Availability of
groundwater
Availability of
surface water
Availability of
drinking water
Management of
dams
Water quality

Fluvial flood

Significance

Heavy rain

Confidence
level

Today
Near future: weak change
Near future: strong change
Distant future: ++
Process model and
Today
proxy indicator
Near future: weak change
Near future: strong change
Distant future: +
Proxy indicator
Today
Near future: weak change
Near future: strong change
Distant future: + to ++
Process model
Today
Near future: weak change
Near future: strong change
Distant future: ++
Process model
Today
Near future: weak change
Near future: strong change
Distant future: ++
Expert interviews
Today
and proxy
Near future: weak change
Near future: strong change
indicator
Distant future: ++
Expert interviews
Today
Near future: weak change
Near future: strong change
Distant future: ++
Expert interviews
Today
Near future: weak change
Near future: strong change
Distant future: ~ to ++

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Low

Legend
Significance of the climate change impact for Germany:
Low
Medium
High

Source:
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Expected development of relevant climate drivers until the
end of the century (distant future):
++

Strong change

+

Change

~

Uncertain

Adapted from Adelphi et al., 2015. Reproduced with permission.
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6.2.5 A narrative perspective
The FP7 BASE project has developed storylines of
potential socio-economic development and related
sectoral vulnerabilities up to 2050 for three different
RCP–SSP combinations and four European regions.
The scenarios were developed by project researchers
using the SSP database (see Section 6.1) on basic
socio‑economic data, which were complemented with
results from sector-based modelling and information
from case studies. Interviews with stakeholders were
used to verify salient features of the storylines (BASE
project, 2016). The following RCP–SSP combinations
were used to bring together information on
socio‑economic development and climate change:
•

RCP8.5/SSP5, market-driven world;

•

RCP4.5/SSP2, middle of the road;

•

RCP8.5/SSP3, fragmentation.

The following regions were used for regional
aggregation:
•

northern Europe and the Arctic (Estonia, Finland,
Iceland, Latvia, Lithuania, Norway, Sweden);

•

north-western Europe (Belgium, Denmark, France,
Ireland, the Netherlands, the United Kingdom);

•

central and eastern Europe (Austria, Bulgaria, the
Czech Republic, Germany, Hungary, Kosovo under
UNSCR 1244/99, Luxembourg, the former Yugoslav
Republic of Macedonia, Poland Romania, Serbia,
Slovakia, Switzerland);

•

southern Europe and the Mediterranean (Albania,
Bosnia and Herzegovina, Croatia, Cyprus, Greece,
Italy, Malta, Montenegro, Portugal, Slovenia, Spain,
Turkey).

increasing population are planned and built. In these
storylines, the central and eastern regions appear
less dynamic in terms of population and economic
growth, which means fewer changes than in the current
situation, but also relatively fewer resources to address
vulnerabilities.
The 'fragmentation' storylines are in many respects
the most problematic ones for all regions, as they
are characterised by few additional resources but
high exposure to climatic hazards owing to the
assumed RCP8.5 scenario. Major challenges will
include the management of agriculture, especially
in the Mediterranean area, which will suffer from
an increasing frequency of drought and high
temperatures. Under 'fragmentation', financial
resources are scarce and the abilities to cope with
adverse conditions are weaker; thus, vulnerability
increases relative to market-driven development, even
under the same scenario, RCP8.5.
One of the main features of progressing climate change
is that vulnerabilities will raise new challenges but also
some opportunities for both the public and private
sectors. These opportunities and challenges will play
out differently, depending on the socio-economic
pathways that set the general context. To illustrate
this, a synthesis has been made of the material
with reference to a 'fragmentation' storyline and a
'middle‑of-the-road' storyline (see Table 6.3).
The 'fragmentation' storyline illustrates a current
business-as-usual scenario: increasing emissions along
an RCP8.5 trajectory until 2050, combined with uneven
economic growth in which some areas and countries
grow rapidly, whereas others face stagnation or even
decline. Globalisation progresses unevenly and the free
movement of natural resources, technologies, capital
and people develops between some countries and
regions but not others.

One common feature across regions and storylines is
urbanisation (see also Section 6.1). This implies that
an increasing number of people will be exposed to
typical urban impacts such as heat island effects, storm
water floods and flash floods (see Section 6.6). In a
market‑driven world, more assets will be exposed to
climate-related hazards and there will be increasing
demands to invest in reducing vulnerabilities.

The 'middle-of-the-road' storyline illustrates a scenario
that leads to a clear curbing of emissions towards an
RCP4.5 trajectory until 2050, combined with modest
economic growth that benefits most regions and
countries (although obviously with varying rates).
Globalisation is assumed to progress in a way that
facilitates free and fair movement of natural resources,
technologies, capital and people between regions and
beyond Europe.

The assumption of significant relative population
growth in a market-driven world, especially in northern
Europe and the Arctic and north-western Europe,
means that new infrastructure will be built, including
housing. The development of vulnerabilities will
depend on how the new areas accommodating the

These two storylines were chosen to illustrate the
differences between a modest progress in mitigation
and a failure to mitigate climate change. The
climate‑related challenges in the storyline assuming
rapid economic growth in combination with high
emissions (a market-driven world) would be similar
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to those experienced under 'fragmentation', but
stronger economic growth would provide more
positive opportunities for developing adaptation
actions.

cross-sectoral impacts and vulnerability: the greatest
challenges appear to be concentrated in southern
Europe and the Mediterranean regions of the EEA
region, especially under a fragmentation storyline.
Opportunities for technological and social innovations
for adaptation are greater in a middle-of-the-road
storyline than under fragmentation.

The overall conclusions of the storylines fit those
that can be extracted from the other studies of

Table 6.3

Overview of the management challenges related to vulnerabilities to climate change for two
storylines and four European regions

Topic

Storyline

Management of
urban areas

Middle of the road

Management of rural
settlements

Middle of the road

Management of energy
consumption in housing

Middle of the road

Management of
hydropower production

Middle of the road

Power production with
boilers

Middle of the road

Water management

Middle of the road

Northern
Europe and
Arctic

North-western
Europe

Central and
eastern Europe

Southern
Europe and the
Mediterranean

Fragmentation
Fragmentation
Fragmentation
Fragmentation
Fragmentation
Fragmentation

Management of
agriculture

Middle of the road

Forest management

Middle of the road

Fragmentation
Fragmentation

Coastal management

Middle of the road
Fragmentation

Management of
health care

Middle of the road

Biodiversity management

Middle of the road

Fragmentation
Fragmentation

Development and diffusion
of green innovations

Legend

Middle of the road
Fragmentation

Mainly positive opportunities
Balance between negative challenges and positive opportunities
More negative challenges than positive opportunities
Mainly negative challenges

Source:
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Adapted from BASE project, 2016.
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6.3

Projected economic impacts of climate change in Europe

Key messages
• Estimates of the projected economic impacts of climate change in Europe are emerging, but the coverage of these
estimates remains only partial and there is considerable uncertainty.
• Recent studies indicate that the economic costs of climate change will potentially be high, even for modest levels of
climate change, and these costs rise significantly for scenarios of greater levels of warming. For example, the PESETA II
study estimates that the annual total damages from climate change in the EU would amount to around EUR 190 billion
(with a net welfare loss estimated to be equivalent to 1.8 % of current GDP) under a reference scenario (SRES A1B) by the
end of the 21st century.
• The projected damage costs from climate change are distributed very heterogeneously across Europe, with notably higher
impacts in southern Europe.
• Regarding the costs and benefits of adaptation, more information has become available, especially for coastal areas,
water management, floods, agriculture and the built environment, but the focus has been on national rather than
pan‑European estimates.

Climate change will lead to economic costs. These
costs, which are often known as the 'costs of inaction',
are a useful input to the policy debate. A number of
studies have made advancements in pan-European
estimates of these costs, using scenario-based
impact assessments, and these are the focus of this
section. These include the IMPACT2C project (Vautard
et al., 2014), which used the RCP and SSP scenarios,
the PESETA II project (Ciscar et al., 2014) and the
ClimateCost project (Watkiss, 2011), which used SRES.
The information from these studies is summarised in
Table 6.4.
A large number of caveats are associated with these
values, reflecting different scenarios, assumptions
and methods and dependent on whether results are
reported for the impacts of climate change and socioeconomic change together or separately and, for the
latter, whether results are reported for current or
future socio-economic conditions. There are further
issues with the adjustment of values in future time
periods and metrics reported (i.e. whether or not they
are discounted, annual versus present values; note that
the information here generally reports current prices in
all future time periods to facilitate direct comparison,
over time, and between sectors). Overall, this implies
that it is not possible to have a simple aggregated table
allowing direct and easy comparison of figures across
sectors.
There have been a number of studies that have used
these direct sector costs as inputs into wider economic
models. The PESETA II study used a computable general
equilibrium model to look at the economic effects of

direct climate effects and the indirect effects on the
economy (Ciscar et al., 2014). Under the reference
scenario (SRES A1B), this study estimated that the
annual total damages from climate change in the EU
would be around EUR 190 billion (with a net welfare
loss estimated to be equivalent to 1.8 % of current
GDP, see Figure 6.3) by the end of century, with
particularly high costs in southern European regions.
These impacts would be reduced to EUR 120 billion
(equivalent to 1.2 % of current GDP) in a 2 °C warmer
world. While a significant proportion of the damages
are related to heat-related mortality (noting that
cold-related benefits were excluded and that values
are driven by the valuation approach used), coastal
damages and the agriculture sector are also quite
significant. However, the assessment covered only a
limited number of sectors (and impacts within these),
and the estimates for these sectors can be considered
only partial, especially due to the omission of potential
impacts on biodiversity and ecosystem services.
There have also been a number of regional
assessments. For example, the CIRCE project (Navarra
and Tubiana, 2013) estimated the economic costs of
impacts in the Mediterranean region. Estimates, using a
computable general equilibrium model under SRES A1B
emissions, suggest that there will be negative economic
consequences for major sectors, such as tourism and
energy. Furthermore, all Mediterranean countries could
lose, on average, 1.2 % of GDP in 2050. The largest
economic costs relate to sea level rise and tourism.
Box 6.2 presents results from an assessment of the
economic effects of warming on labour productivity in
two economic sectors in Austria.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

283

Multi-sectoral vulnerability and risks

Table 6.4

Overview of cost estimates of projected climate change in Europe

Thematic area
(and section in
this report)

Pan-European estimates

Coastal zones
(see also
Section 4.2)

Recent estimates of costs to coastal zones are EUR 6 to 19 billion per year for RCP2.6, EUR 7 to 27 billion
per year for RCP4.5 and EUR 15 to 65 billion per year for RCP8.5 in the 2060s in the EU (no adaptation,
combined climate and socio-economic change (SSP2), current prices, no discounting, with the range
reflecting the uncertainty around sea level rise), based on the DIVA model (119) in IMPACT2C (Brown et al.,
2015). These costs rise rapidly in later years, ranging from EUR 18 to 111 billion per year for RCP2.6,
EUR 40 to 249 billion per year for RCP4.5 and EUR 153 to 631 billion per year for RCP8.5 in the 2080s
(Brown et al., 2015). This indicates a disproportionate increase in costs for greater warming scenarios in
the second half of the century. There are major differences between Member States, with the greatest
coastal zone costs projected to occur in France, the United Kingdom and the Netherlands if no additional
adaptation occurs

River flooding
(see also
Section 4.3)

The expected annual damage is estimated to rise from approximately EUR 4–5 billion/year (currently) to
EUR 32 billion/year in the EU by the middle of the century (RCP4.5 for 2 °C of warming) without additional
adaptation (median ensemble results, combined effects of socio-economic and climate change, current
values, undiscounted), based on the LISFLOOD model (120) from IMPACT2C (Roudier et al., 2016). The
large range of this estimate is a result of the high levels of climate model uncertainty. Note that around
half of the increase reported is attributable to climate change. Analysis at the country level reports high
climate-related costs in France, Germany, Italy, Romania, and the United Kingdom and damage costs rise
significantly in the subsequent years. While there are Europe-wide assessments of stream-flow drought,
soil moisture drought and water scarcity (IMPACT2C project, 2015), these have not been monetised

Agriculture
(see also
Section 5.3)

The recent Agricultural Model Inter-comparison and Improvement Project (AGMIP) indicates that climate
change could lead to a 20 % (mean) food price rise by 2050 globally, with a large range from 0 to 60 %
(common reference climate and socio-economic scenario) (Nelson et al., 2014). Yield losses and price
impacts rise more sharply in later years under greater warming scenarios. These results cover only
a limited number of crops and impacts, and exclude horticulture, livestock and impacts on the wider
multi-functionality of agriculture. Values vary widely with scenarios and assumptions (on impacts and
autonomous farm adaptation and trade)

Energy
(see also
Section 5.4)

Climate change will have negative and positive effects on future energy demand, increasing summer
cooling but reducing winter heating (an autonomous response). Additional cooling costs have been
estimated at around EUR 30 billion/year in the EU-27 by 2050, rising to EUR 109 billion/year by 2100
(A1B, climate change signal only, current values, undiscounted), based on the ClimateCost study using
the POLES model (Mima et al., 2011; Mima and Criqui, 2015). However, a similar level of economic benefit
was projected as a result of the reduction in winter heating demand owing to warmer temperatures,
although with the benefits arising in different countries. Under the E1 scenario, the total costs of
the cooling demand due to climate change (alone) were much lower, estimated at approximately
EUR 20 billion/year over the period 2050–2100). Climate change will also have effects on energy supply,
notably on hydroelectric generation, but also potentially on thermal power (nuclear, fossil) plants and
some renewables; these involve additional costs (Mima et al., 2011), although these are low relative to the
changes in demand outlined above

Transport
(see also
Section 5.5)

The PESETA II study (Ciscar et al., 2014) considered impacts on the road and rail networks, estimating
the total damages to transport infrastructure due to extreme precipitation to be EUR 930 million/year by
the end of the century under an A1B scenario (a ~ 50 % increase from the current baseline damages of
EUR 629 million/year) and EUR 770 million/year under a 2 °C warming scenario. More specific estimates
also exist for road transport. The future costs are driven by future socio-economic assumptions, i.e. on
transport patterns and demand. Further information is available from the WEATHER project (Przyluski
et al., 2011) and the EWENT project (Nokkala et al., 2012)

Tourism
(see also
Section 5.6)

Climate change is projected to make regions less favourable for tourism in the south in summer but
more favourable in the north. Several recent studies have used econometric approaches and economic
modelling approaches to identify the economic impacts of climate change on tourism under different
assumptions for adaptation (Barrios et al., 2013; Ciscar et al., 2014; Rosselló-Nadal, 2014; Perrels et al.,
2015). As an example, the PESETA II study (Ciscar et al., 2014) used an econometric analysis, reporting
estimated costs of EUR 15 billion/year by the end of the century, driven by reductions in southern Europe
and in the southern parts of central Europe, and with particular gains in the northern parts of central
Europe. However, other studies report more positive results, noting that the economic impacts depend
on whether tourists adapt by changing their destination or the timing of their travel. Climate change will
also affect winter tourism, as snow reliability will decrease in the mountainous regions, particularly the
Alps, putting the ski resorts that are at lower altitudes at risk, leading to adaptation costs (artificial snow)
or changes in destination choices or timing (Perrels et al., 2015). Estimates are heavily influenced by
assumptions about changes in global tourism and the underlying global growth in tourism, as well as the
autonomous adaptation response of tourists

(119) Dynamic Interactive Vulnerability Assessment model (http://www.diva-model.net).
(120) https://www.efas.eu/user-information.html.
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Table 6.4

Overview of cost estimates of projected climate change in Europe (cont.)

Thematic area
(and section in
this report)

Pan-European estimates

Human health
(see also
Section 5.2)

The costs of heat-related mortality, without adaptation, are estimated to be EUR 11 to 41 billion/year
by the middle of the century (mean ensemble estimates for RCP4.5 at 2 °C, climate and socio-economic
impact, with range reflecting different approaches for valuation, no current or future adaptation,
current prices, undiscounted), with around two-thirds of the increase due to the climate signal alone
(this is based on the IMPACT2C project, with impacts estimated by the WHO and valuation undertaken
by Lacressonnière et al. (2015)). Values vary widely according to whether current adaptation and future
acclimatisation are included or not, and the metric and value used for mortality valuation. The highest
impacts were found in the Mediterranean (Cyprus, Greece and Spain) and some eastern EU Member
States (Bulgaria, Hungary and Romania). Costs rose strongly in later years with greater warming. The
analysis did not consider the potential reduction in cold-related mortality. Additional impacts, including
food‑borne disease, extreme events (deaths and reduced well-being as a result of coastal flooding) and
occupational health (outdoor labour productivity), were valued in the ClimateCost project (Kovats et al.,
2011), although the economic costs were low when compared with the heat-related mortality impacts
outlined above

Biodiversity
and ecosystem
services
(see also
Section 4.4 and
Section 4.5)

Climate change poses a potentially wide variety of risks to terrestrial, aquatic and marine biodiversity and
the ecosystem services they provide (provisioning, regulating, cultural and supporting services). However,
the valuation of the effects of climate change on biodiversity and ecosystem services is extremely
complex. While a number of studies have undertaken case studies, this remains an under-explored area,
although there is some analysis of ecosystem shifts under climate change, which use restoration costs to
assess impacts

Figure 6.3

Welfare impacts of climate change for different EU regions and sectors for two emissions
scenarios

Percentage of GDP, 2005 EUR value, undiscounted
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The figure shows the projected welfare impacts in the period 2071–2100, compared with 2010. 'Ref.' refers to the SRES A1B emissions
scenario; '2 °C' refers to the ENSEMBLES E1 emissions scenario.

Source:

Adapted from Ciscar et al., 2014.
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Box 6.2

National case study: climate change and labour productivity in Austria

Economic activity is exposed to climate change in several ways. The reduction of workers' productivity as a result of
higher outdoor temperatures and/or higher relative humidity and, therefore, a higher heat exposure is one of the core
direct impacts. The impacts of climate change on labour productivity in Austrian manufacturing and trade, as well as their
macro‑economic implications, have been projected in monetary terms up to the middle of the 21st century, drawing on
a range of socio-economic and climate scenarios, disaggregated by region, sector, occupation, outdoor/indoor work and
work intensity. The productivity losses of workers are estimated on the basis of a quantitative model using a relationship
between the Wet Bulb Globe Temperature index and the productivity of workers. The human capital approach (evaluation
by wage rates) and a GDP per employee approach were used for monetising the direct productivity losses.
Changing working conditions can have serious effects on the productivity of workers and thus on companies in specific
sectors. Depending on the future development of the climate and the degree of existing temperature control and future
adaptation, the damage caused can vary significantly. The direct climate impacts observed in the 'manufacturing' and 'trade'
sectors — under assumptions of no current or future adaptation — are found to be magnified three- to four-fold by the
associated macro-economic feedback effects, as the manufacturing and trade sectors supply intermediate inputs to a wide
variety of other sectors. For the mid-range climate scenario and a reference socio-economic development scenario (see
Table 6.5, results in bold), a decline in economic welfare of EUR 6 million per year is projected for the period 2016–2045 (and
EUR 54 million for 2036–2065). The high-range and low-range climate scenarios add and subtract, respectively, one standard
deviation in local temperature change, with the damage-enhancing and damage-diminishing socio-economic scenarios
acknowledging higher and lower growth, respectively, of the labour force. For the high-end combination scenario (high‑range
climate scenario and damage-enhancing socio-economic scenario), welfare losses amount to EUR 58 million for the period
2016–2045 (and EUR 296 million for 2036–2065). As declining demand also triggers price declines, the subsequent losses in
GDP are greater, namely about 1.5 times the welfare losses. By the middle of the century, losses will thus equal up to 0.6 %
of labour value added (aggregated across all sectors, with lower impacts in sectors such as pharmaceuticals or beverage
production, and significantly higher impacts in the production of food, plastics, metals and machinery). However, in practice,
the small fraction of these potential costs related to indoor temperature is unlikely to increase because of the current and
growing role of temperature regulation (autonomous adaptation) in trade and manufacturing, and this will be needed to
ensure quality and also meet occupational health standards. This fraction of the costs will therefore actually increase as a
result of additional cooling demand. Note, however, that this analysis refers only to the effects of productivity changes within
the manufacturing and trade sectors, and similar productivity changes could affect the remaining sectors of the economy, in
particular in relation to outdoor activities in the agriculture and construction sectors.

Table 6.5

Projected impacts of climate change on welfare and GDP owing to labour productivity
changes in the manufacturing and trade sectors
2016–2045

Changes in
million EUR per
year relative to
baseline

Socioeconomic
scenarios

Welfare
(changes in
million EUR)

High

GDP
(changes in
million EUR)

High

Reference

2036–2065
Damageenhancing
scenario

Damagediminishing
scenario

Reference

Damageenhancing
scenario

Climate
scenarios
– 58

Mid
Low

Low

– 296

–6

– 54

+4

–2
– 95

Mid

Change in value
added (as % of
sectoral total)
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Damagediminishing
scenario

– 485

–9

– 89

+7
+ 0.01 %

–3
– 0.02 %

– 0.2 %

– 0.004 %

– 0.1 %

– 0.6 %

Note:

The table shows the average annual effects relative to baseline (i.e. reference socio-economic development scenario without
climate change). The impact as a percentage of the sectoral labour value added (gross including taxes) is the average across
sectors, without current or future autonomous or planned adaptation.

Source:

Urban and Steininger, 2015.
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All the estimates above are partial, i.e. they do not
consider interactions between sectors. Even within
the sectors covered, the analysis considers a sub-set
of the possible effects of climate change, both positive
and negative. There are also important sectors for
which estimates are not reported above (e.g. business)
and some others where valuation remains challenging,
notably biodiversity and ecosystem services. There
is also little quantitative evidence on how impacts
of climate change outside Europe will affect Europe
(see Section 6.4). Finally, these estimates involve a
high degree of uncertainty, which is not captured by
central projections, but is critical when considering
adaptation.
Costs and benefits of adaptation
There is a growing knowledge base on the costs
and benefits of adaptation. While the number of
pan‑European assessments for adaptation costs and
benefits remains low, and with most that do exist
constrained to the coastal sector (see Brown et al.,
2015, for the most recent estimates), there are many
more studies at the national, regional and local scales.
This information has recently been reviewed and
collated as part of the ECONADAPT (121) project (Watkiss
et al., 2015). In terms of the coverage by sector and risk,
estimates have moved beyond the previous focus on
coastal zones and now extend to water management,
floods, agriculture and the built environment. However,
major gaps remain for ecosystems and business/
services/industry. There has also been a shift in the
analysis of adaptation towards early adaptation
investment (early low-regret options, capacity-building
and non-technical options) and the use of iterative
climate risk management and decision-making under
uncertainty.

Estimates are emerging at the national level, which
are more relevant than pan-European assessments
with respect to adaptation governance and
implementation. There are good national-level
studies on adaptation costs and benefits in the
Netherlands and the United Kingdom, which are
using iterative frameworks (Delta Programme, 2010,
2013) and recently developed dynamic cost–benefit
analysis (Eijgenraam et al., 2014; Kind, 2014) (in the
UK Economics of Climate Resilience and the National
Adaptation Programme and the Thames Estuary 2100
project) (EA, 2012; HMG, 2013). There are also studies
in other European countries that have estimated the
costs of adaptation. The analysis in Sweden (SCCV,
2007) presented investment and financial flow costs
for several sectors; the Bank of Greece study (BoG,
2011) assessed costs for an adaptation scenario; and a
study in Germany undertook cost–benefit analysis on
potential adaptation options (Tröltzsch, et al., 2012).
Interestingly, recent implementation-based and
policy-orientated studies indicate that the costs of
adaptation are likely to be higher than estimated in
the earlier impact assessment literature (ECONADAPT,
2015), as seen in recent estimates of future coastal
and river flood risk management in the Netherlands
(Deltacommissie, 2008; Eijgenraam et al., 2014)
and the United Kingdom (ASC, 2014; EA, 2014). This
is because more recent policy-orientated studies
consider broader objectives, existing standards and
multiple risks, they recognise and plan for uncertainty,
and they include the additional opportunity and
transaction costs associated with implementation.
Finally, while important gaps exist in the empirical
evidence, and there are issues over the transferability
of estimates, the new evidence base provides an
increasing opportunity for sharing information and
good practice.

(121) ECONADAPT: 'The Economics of Climate Change Adaptation'.
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6.4

Europe's vulnerability to climate change impacts outside Europe

Key messages
• Several recent studies have suggested that climate change will have much stronger negative impacts on the global
economy than previously assumed, with poor countries being disproportionally affected.
• In a highly interconnected and globalised world, Europe is susceptible to spill-over effects from climate change impacts
occurring outside the European territory through various pathways. Past extreme events, such as the Russian heat wave
in 2010, have had negative economic consequences for Europe (here understood as the EEA member and cooperating
countries).
• Six major pathways have been identified from the available literature: trade of agricultural commodities, trade of
non‑agricultural commodities, infrastructure and transport, geopolitics and security risks, human migration, and finance.
Many of these pathways affect the value chains of European products, which are increasingly complex.
• The strongest evidence for Europe's sensitivity to cross-border impacts exists for economic effects through climate‑caused
global price volatilities; for transportation networks such as ports; and for changes in the Arctic environment, such as new
shipping routes. The Mediterranean area has been identified as the most vulnerable to shocks in the flow of agricultural
commodities, while small, open and highly developed European economies are regarded as particularly vulnerable to
shocks in the flow of non-agricultural commodities.
• An increasing body of recent literature suggests that unprecedented climatic changes in North African regions, such as
the Sahel and Maghreb, as well as in the Middle East will increase the strategic importance of these regions for Europe,
with respect both to potential climate-induced human migration flows and to geopolitical and security considerations.
• European vulnerability to cross-border effects is expected to increase in the coming decades, although quantitative
projections are not yet available.

6.4.1 Introduction
Europe is part of a highly interconnected world that is
bound together through multiple systems (EEA, 2015).
International trade, travel, telecommunications and
other aspects of globalisation increase the likelihood
that climate change impacts have consequences
beyond the regions or nations in which they occur.
Such cross-border effects of climate change (sometimes
also referred to as indirect effects, trans‑boundary
effects or spill-over effects) are highly relevant for
European adaptation policy, as they may significantly
influence climate change vulnerability of and risks
to regions, sectors and people. The effects are, for
example, felt in the increasingly complex value and
supply chains of European products, which are often
linked to distant geographical areas. For instance, a
recent assessment suggests that many countries in
Africa, South Asia, South East Asia and Latin America
might be disproportionally affected by losses in
economic production, in particular under high global
warming assumptions (RCP8.5). The overall global
economic losses are estimated to be much larger than
in previous assessments, and this would unavoidably
lead to repercussions in Europe (Burke et al., 2015).
Several recent studies of the climate–economy
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relationship using panel methods have also suggested
that climate change will have a substantially stronger
negative effect on economic productivity than assumed
by most economic models, and that poor countries will
be much more affected than rich countries (Dell et al.,
2012, 2014).
This section explores the available information base
on how, and to what extent, cross-border impacts of
climate change have (or are projected to have) potential
implications in Europe. The combined effects from
climatic and non-climatic changes, as illustrated for
Europe in Sections 6.2 and 6.3, may have strong impacts
in other world regions, with repercussions for Europe.
In some cases, a single extreme climate event may be
significant enough to cause a chain of reactions through
impact pathways, which eventually lead to consequences
in Europe, such as the (temporary) disruption of global
supply chains due to damaged transport infrastructure.
In other cases, gradual climate change or prolonged
periods of extreme weather might trigger spill-over
effects in Europe.
With respect to the geographical occurrence of
the original climate change impacts, two groups of
cross‑border effects can be distinguished:
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•

•

Climate change impacts occurring outside Europe,
but with indirect cascading effects for regions,
sectors or people in European territory. An
example is the 2008 severe crisis of Australia's rice
production after six consecutive years of drought.
That crisis strongly contributed to a doubling of the
global market price for rice (Stephan and Schenker,
2012), in turn affecting European markets and
consumers.
Climate change impacts within Europe that cross
national or regional borders, such as flood events
along major European rivers. The example of
recent floods events along the Danube show that
the severity of flood impacts and damages in one
location or European country is determined not
only by increasingly severe heavy precipitation
events but also by measures to reduce flood risk in
other locations or countries (Mabey et al., 2014).

The primary focus of this section is on the first
group, i.e. impacts occurring outside Europe but
with cascading effects for climate change risk and
vulnerabilities in European territory. Cross-border
effects within Europe are mentioned only if they
directly complement information from other parts

Figure 6.4

of the report, such as Section 4.4 (increasing threat
of invasive alien species), Section 5.2 (spread
of vector‑borne and water-borne diseases) and
Section 5.6 (changes in European tourism flows).
The current knowledge on European vulnerability to
climate change impacts that occur outside Europe
is mostly qualitative or case specific. While much
of the existing literature addresses the topic only
marginally or indirectly, recently a few assessments
with an explicit focus on cross-border impacts have
become available, such as a study commissioned
by the Directorate-General for Climate Action
(DG CLIMA) (Barnett et al., 2013), national studies
from the Netherlands (Vonk et al., 2015), Finland
(Groundstroem et al., 2015) and the United Kingdom
(Foresight, 2011; PwC, 2013; Challinor and Adger,
2016), and some work with a particular focus on
coastal areas (Nicholls and Kebede, 2012) and the
Adaptation Without Borders project (Benzie et al.,
2016). In addition, the IPCC AR5 provides information
in several of its chapters (Hewitson et al., 2014;
Oppenheimer et al., 2014). This section summarises
the current knowledge and is structured based on six
major pathways for which sufficient information is
available (see Figure 6.4).

Overview of major pathways of indirect impacts for Europe

Trade (non-agricultural commodities)
‑ Risks to raw materials supply
‑ Risks to manufacturing industry
‑ Improved Arctic sea transportation

Trade (agricultural commmodities)
‑ Global food price volatilities
‑ Reliability of supply and distribution

Infrastructure
‑ Risks to energy supply
‑ Vulnerable energy infrastructure
‑ Transportation network disruptions

Human mobility
- Changing tourism ﬂows
‑ Climate‑induced migration
‑ Critical role of Africa

Geopolitical risks
- Climate and armed conﬂict
‑ Climate and security strategies
‑ Rights and access to Arctic resources

Finance
‑ Economic repercussions
of extreme events
‑ Insurance systems

Note:

The impact pathways have been placed arbitrarily on the map; therefore, the arrows do not indicate any predominant geographic
direction from which these impacts might affect Europe.

Source:

EEA.
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6.4.2 Trade: agricultural commodities
In most parts of the world, the observed impacts of
climate change on terrestrial food production have
been predominantly negative, in particular for maize
and wheat (Porter et al., 2014). Over the past decade,
there have been several periods of rapid food and
cereal market price increases following extreme
weather events in key producing regions, highlighting
the sensitivity of world markets to climate extremes
(Trostle et al., 2011; Nicholls and Kebede, 2012;
Porter et al., 2014). These events have shown that
climatic changes can have substantial consequences
beyond the regions in which they occur through the
global food trade system. Climate-induced changes
in global price levels for food and feed are of great
importance for Europe, which relies to a considerable
extent on imports to meet domestic demand for food
and feed (EEA, 2015). Increasing price volatility could
eventually lead to supply disruptions for agricultural
commodities with high import dependency
(e.g. soybean), whereby price changes for animal
fodder would further affect meat production (Barnett
et al., 2013).
Several recent examples illustrate how climate
impacts on agricultural production outside Europe
(EEA member and collaborating countries) have
affected Europe via regional and global markets and
along international supply chains. The severe heat
wave in Russia in the summer of 2010 destroyed
5.4 million hectares of crops, equivalent to about 30 %
of Russia's grain harvest. This led to an export ban on
wheat by the Russian government that contributed
to an increase of 60–80 % in global wheat prices
(Foresight, 2011; Coghlan et al., 2014). Similarly, a
severe crisis in Australia's rice production in 2008
after six consecutive years of drought contributed,
in conjunction with other factors, to a doubling of
the global market price of rice in 2008 (Stephan
and Schenker, 2012). It is important to note that, in
both examples (Russian wheat and Australian rice),
the observed global price volatilities resulted from
a combination of the extreme weather events and
the associated response measures (i.e. export ban
and hoarding stocks). This highlights the role that
countries and markets play in either amplifying or
managing and minimising the effects of climate
impacts on food supply.

The Mediterranean region in Europe has been
identified as the most susceptible to shocks in the
flow of agricultural commodities, owing to its relatively
high dependence on food imports from regions
outside Europe and the more prominent role of the
food sector in its economy (Barnett et al., 2013).
Moreover, low-income population groups in all parts
of Europe (and elsewhere in the world) are likely to
be disproportionally more affected by food price
volatilities (Porter et al., 2014; Vonk et al., 2015). An
IPCC review of projected climate change impacts on
crop production shows that negative impacts on yields
are assumed to increase during the 21st century,
especially in low-latitude regions (e.g. in Asia and
Africa), and that interannual variability of crop yields
is assumed to increase as well, including in Europe
(see also Section 5.3.4) (IPCC, 2014). Therefore,
Europe's susceptibility to price volatilities of agricultural
commodities and disruptions of trade flows might
further increase in the future.

6.4.3 Trade: non-agricultural commodities
Europe is highly dependent on imports for many key
resources; for example, 59 % of metal ores consumed
in the EU-28 in 2013 were imported (EEA, 2015). This
means that Europe's access to many resources and
raw materials relies on exploitations in other world
regions and associated international supply chains,
which in turn may be significantly affected by climate
change impacts (Nicholls and Kebede, 2012). As seen in
Map 6.5, a substantial number of Europe's major trade
partners (e.g. India, Indonesia, Nigeria and Vietnam) are
estimated to exhibit an overall vulnerability to climate
change (122) that is larger than in any European country.
For example, primary and manufacturing industries can
be affected by extreme climate events through impacts
on infrastructure or transport (see Section 6.4.4).
An example of an indirect effect through a supply
chain to Europe is the shortage of hard drives and
the associated increase in price levels caused by a
severe flood event in Thailand in 2011 (Nicholls and
Kebede, 2012). Another recent event that disrupted
international trade and commodity flows was the flood
event in eastern Australia in 2010/11, which restricted
various mining activities and damaged key transport
infrastructures. This led to drastic declines in coal

(122) The vulnerability score of the Notre Dame Global Adaptation Index (ND-GAIN; Chen et al., 2015) follows the outcome-based conceptualisation
of vulnerability as used by the IPCC AR3 and AR4 (see Section 1.4 for details). The index consists of 12 indicators on projected biophysical
climatic exposure (mostly for a time period around the middle of the century and the RCP4.5 scenario), 12 indicators on climatic sensitivity
and 12 indicators on adaptive capacity, each associated with six different sectors (food, water, health, ecosystem services, human habitat
and infrastructure). Another example of an indicator-based global assessment is the World Risk Index (Birkmann and Welle, 2015; Welle and
Birkmann, 2015).
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Map 6.5

Largest European trade import flows from outside the EU and global climate change
vulnerability, 2014
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exports, causing world market prices to rise sharply
over a period of three months (Hewitson et al., 2014).
In Europe, small, open and highly developed economies
with intense global trade and investments such as the
Netherlands are regarded as particularly susceptible
to these types of cross-border impacts (Stephan and
Schenker, 2012), but large European economies such as
the United Kingdom are also expected to be affected.
One study suggests that indirect external effects of
climate change on UK trade (and also food supply)
could be even larger than domestic risks (PwC, 2013).
A potentially major climate-related impact on global
trade relates to the shrinkage of the Arctic sea ice.
Under a high-emissions scenario (RCP8.5), a nearly
ice‑free Arctic Ocean in September is likely to be a
reality before the middle of the 21st century (IPCC,
2013). Specific studies on the future accessibility of
the Arctic region for shipping suggest that there will

be increasing access throughout the 21st century with
moderately ice-strengthened vessels (Polar class 6)
for both the Northwest Passage and the Northern
Sea Route, with almost complete access in summer
(July–September) by the end of the century under
three out of the four RCP scenarios (RCP4.5, RCP6.0
and RCP8.5) (Smith and Stephenson, 2013; Stephenson
et al., 2013). This would mean a reduction of 5 500 km
and 10 days compared with the traditional 20 000 km
shipping routes from East Asia to Europe. In addition,
the shrinking of sea ice might also provide (better)
access to potentially vast amounts of mineral resources
and potentially undiscovered sources of raw materials
and fossil fuels in the exclusive economic zones of the
countries bordering the Arctic (Hewitson et al., 2014).
These new opportunities for transport and resource
extraction are associated with numerous risks to the
environment in the whole of the Arctic.
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6.4.4 Infrastructure and transport
Climate impacts affecting transport, energy and
communication infrastructure outside Europe, such
as roads, pipes, railways, bridges, ports, airports
and tunnels, can have spill-over effects (e.g. supply
disruptions) in Europe. Increased weather- and
climate-related extremes in the future are expected
to increasingly cause damage to key infrastructures
in most parts of the world (IPCC, 2012). In addition,
infrastructures are also at risk from more gradual
climate changes such as sea level rise or thawing of
Arctic permafrost. Infrastructure features such as the
connectedness of electricity grids are of particular
significance, as they can both spread and reduce
indirect impacts (EC, 2015a).
Impacts on coastal infrastructure are of particular
concern for international transport and trade (Oh and
Reuveny, 2010; Nicholls and Kebede, 2012). For
example, ports are key nodes of international supply
chains, as more than 80 % of global trade in goods
(by volume) is transported over the sea. Likewise, over
35 % of all oil refineries globally are located in coastal
zones. An example of indirect effects for Europe via
impacts on coastal infrastructure outside Europe is
the case of Hurricane Katrina. This event destroyed
large parts of the port of New Orleans, which caused
a temporary shortage in global oil supply and thereby
triggered a temporary increase in the global oil price
(Nicholls and Kebede, 2012).
Indirect effects from climate change for Europe's
energy and material supply are also expected in
relation to the projected thawing of Arctic permafrost.
Increasing temperatures in the Arctic are expected
to cause major threats to transportation routes on
frozen ground, thus posing challenges to multiple
economic activities such as forestry or mineral
extraction, and they might also increasingly affect
energy infrastructure (especially oil and gas pipelines)
(Arent et al., 2014; Hewitson et al., 2014).

6.4.5 Geopolitical and security risks
Research is not conclusive about the extent to which
global warming contributes to armed conflict (Theisen
et al., 2013). Nevertheless, there is justifiable concern
across many studies that climate change, and in
particular changes in climate variability and extreme
events, can increase the risk of armed conflict and
geopolitical tensions in certain circumstances and
when occurring in conjunction with other factors,
such as poverty and economic shocks (Hsiang et al.,
2013). As poverty and economic shocks themselves
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are sensitive to climate change (i.e. both factors may
be amplified by climate change), climate change may
become a key risk factor. Indeed, the IPCC identified
violent conflicts and insecurity associated with the
effects of climate change as being emergent risks and
research priorities (Oppenheimer et al., 2014).
In Europe, climate change can be seen as a threat
multiplier that may exacerbate existing trends,
tensions and instability both within Europe and across
European borders. Consequently, the effects of
climate change are mentioned explicitly in the recent
European Commission communication on the EU's
approach to external conflicts and crises (EC, 2013).
Likewise, the US national security strategy of 2015 has
integrated climate change risks as a key geopolitical
concern (US Government, 2015), and the G7 members
have recently commissioned a report on this topic,
'A new climate for peace — Taking action on climate
and fragility risks' (Rüttinger et al., 2015). It has been
suggested that an increase in conflicts and natural
disasters owing to climate change is likely to lead to
a greater demand for relief in regions outside Europe
and to a need for more European humanitarian aid
(Vonk et al., 2015).
Of particular concern for Europe are the
Mediterranean countries in North Africa and the
Middle East (Brauch, 2010). Indeed, recent research
suggests that an unprecedented drought in the
southern Mediterranean has been one of many
drivers (e.g. economic situation, governance) shaping
local conflicts that triggered the Syrian civil war, which
ultimately led to the current substantial increase in
refugee flows to Europe. The study concludes that
the likelihood of such an extreme drought in the
southern Mediterranean has increased by a factor
of two to three because of anthropogenic climate
change (Gleick, 2014; Kelley et al., 2015). Likewise,
recent results from regional climate modelling
suggest that temperatures in large parts of the Middle
East will exceed a threshold for human adaptability
towards the end of 21st century under high emissions
assumptions (RCP8.5) (Pal and Eltahir, 2016).
The impacts of climate change on the Arctic region
(see above and Section 6.5) illustrate the multiple
interactions between human security and geopolitical
risks, even though they are not currently associated
with direct geopolitical conflicts. For example, the
projected changes (melting of sea ice, etc.) may
affect claims concerning the borders of the exclusive
economic zones in the Arctic and they may trigger
conflicts about rights and access to new deposits
of natural resources or transportation options
(Houghton et al., 2010).
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6.4.6 Human migration
Historical evidence suggests that climate variability is
a contributing factor to migration (Lilleør and Van den
Broeck, 2011). Extreme weather events, such as floods
or extreme drought, are the most direct link between
climate impacts and the displacement of people and
migration, but more gradual changes (e.g. sea level rise)
may also play a key role. In many cases, climate-related
migration occurs within a country (from affected areas to
safer zones) and is temporary. However, past incidences
show that migration can also be international and
permanent, whereby climate impacts at one location are
indirectly transmitted to societies and states that receive
the migrants from that location (Hallegatte, 2012).
A global analysis encompassing all types of displacement
(national, international, short-term and long-term) and
adjusted for population growth suggests that the risk of
being displaced by a weather- or climate-related disaster
has increased by more than 50 % since the 1970s.
Moreover, it is estimated that, since 2008, an annual
average of 22.5 million people have been displaced
globally owing to weather- or climate-related hazards
(IDMC and NRC, 2015).
A rapidly growing body of literature examines migration
patterns in relation to future environmental and
climate change (EC, 2015b). Numerous studies have
concluded that an increasing frequency and magnitude
of extreme weather events as a result of future climate
change will increase human migration, particularly for
high rates of warming (Gemenne, 2011). There is largely
agreement that the most vulnerable regions in terms
of climate-induced emigration include low-lying island
states, coastal and deltaic regions, and large parts of
Asia and Africa, but quantitative projections about the
number of people potentially displaced by region are
not available (Gemenne, 2011; Nicholls and Kebede,
2012; Oppenheimer et al., 2014).
Of particular strategic significance for Europe is North
Africa, for which decreasing precipitation levels and
associated increases in drought risk during the 21st
century are considered very likely (Niang et al., 2014).
Furthermore, sea level rise is expected to increasingly
threaten populous coastal areas such as the Nile Delta,
where a large proportion of the Egyptian population
and agricultural land is concentrated. It has been
suggested that a sea level rise of 1 m could affect more
than six million people in the Nile Delta (Mulligan et al.,
2014). Likewise, the Sahel region has been identified

as a hotspot region of climate change (Diffenbaugh
and Giorgi, 2012). In that region, unprecedented mean
annual temperatures (i.e. temperatures continuously
outside historical bounds) have been projected to occur
as early as the 2030s (Mora et al., 2013), with potentially
significant consequences for local ecosystems and
associated rural livelihoods (UNEP, 2011).
These trends, together with other driving forces, may
cause a further increase in regional instability and
increased migration northwards to Europe (Rodrigues
De Brito, 2012). Likewise, climate change impacts in the
Middle East may play an increasing role in migration
flows to Europe (Kelley et al., 2015). In the face of these
challenges, a global governance system to protect
climate refugees has been proposed (Biermann
and Boas, 2010). Such a regime for the recognition,
protection and resettlement of migrants would build on
principles such as international burden sharing and an
international financing mechanism.

6.4.7 Finance
The financial pathway refers to those climate change
impacts that may lead to disruptions in global
financial markets or that may have repercussions
for financial flows in various countries, such as
overseas investments, remittances or global insurance
(Groundstroem et al., 2015). An example of such
a spill‑over financial effect for Europe is Hurricane
Katrina in 2005, for which a substantial amount of
the insurance costs fell on the London stock markets
(Nicholls and Kebede, 2012).
In particular, extreme weather events may lead to
disruptions in global financial markets and constitute
a significant burden for the insurance industry, as
previously demonstrated by hurricanes along the
south-east coast of the United States (Kron, 2012). The
projected increase in the occurrence and intensity of
extreme weather events in many parts of the world
will challenge insurance systems, and it may trigger
increases in insurance premiums and decreases in
coverage (Arent et al., 2014). On the other hand, climate
change provides opportunities for European insurance
companies to invest in the developing world through,
for example, micro-insurance programmes, climate
index-based insurance products for both private clients
and governments, and multi-country insurance risk
pools (Herweijer et al., 2009).
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6.5

Vulnerability to climate change in European macro-regions

Key messages
• Under continued climate change, the Arctic environment will, owing to the faster than average rising air and sea
temperatures, undergo major changes affecting both ecosystems and human activities. Many traditional livelihoods are
likely to suffer, but conditions for exploiting in particular non-renewable natural sources may become more favourable.
• The Baltic Sea region, in particular its southern part, is expected to experience an increased risk of storm surges owing to
sea level rise, changing precipitation and run-off regimes, and biota shifts as a result of warmer coastal sea waters.
• All mountain regions are expected to be negatively affected in relation to their water resources and ecosystems in the
next decades. Changing river flow regimes are expected to increasingly affect hydropower production capacities in most
mountain regions, winter tourism is projected to be negatively affected by a reduced snowfall period, and increased slope
instabilities may affect infrastructure and settlements.
• The Mediterranean region is projected to be increasingly affected by severe impacts on several sectors, in particular water
resources, agriculture, forestry, biodiversity, tourism and energy.
• The European Union outermost regions and the overseas countries and territories, which are characterised by very rich
biodiversity and high concentrations of endemic species, are recognised as particularly vulnerable to climate change
impacts mainly because of sea level rise and extreme weather and climate events.

6.5.1 Introduction
This section reviews recent and projected climate
change impacts and vulnerabilities for selected
European macro-regions. A macro-region in this
context is understood broadly to be a transnational
region crossing administrative boundaries with
common biogeographical characteristics, thus
exhibiting particular climate change impacts and
vulnerabilities. Only the macro-regions for which
comprehensive assessments of climate change impacts
and vulnerabilities are available have been considered.
The purpose of this section is to give a synthesis of
the most recent regional assessments available for
these macro-regions. As a result, there are some
differences in the presentation of the various regions.
In particular, some assessments focused on climatic
and environmental changes, whereas others gave more
attention to social and economic vulnerability. For an
overview of adaptation policy development in European
macro-regions, see Section 2.5.
The following macro-regions will be covered: the
European Arctic, the Baltic Sea region, three mountain
regions (the Pyrenees, the Alps and the Carpathians),
the Mediterranean and the EU overseas entities (EU
outermost regions and the overseas countries and
territories) (see Map 6.6). For the Arctic region, the
following text mainly addresses Arctic regions within
(or associated with) EEA member and collaborating
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countries, i.e. Greenland, Iceland, Svalbard and the
northern parts of Norway, Sweden and Finland.
Furthermore, this section addresses only the northern
part of the Mediterranean region that is within EEA
member and cooperating countries.

Map 6.6

Overview of macro-regions in Europe
-80°

-70°

90°

100°

60°

European Arctic region
50°
50°

Baltic Sea region

40°

Alps

Carpathians

40°

Pyrenees
30°

-20°

-10°

0°

Mediterranean
10°
20° region 30°

30°
40°

Note:

The map broadly delineates various macro-regions
in Europe that are covered by climate change impact
assessments in this section. The map is provided for
illustrative purposes only, and it does not intend to provide
a legal definition of any of these regions.

Source:
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6.5.2 The Arctic region
The Arctic is commonly defined as the region above
the Arctic Circle (approximately 66 °N), but other
definitions exist, such as 60 °N or using temperature
or biological thresholds. The Arctic hosts a set of
unique ecosystems and also plays an important role
in the global climate system. Politically, the Arctic
has been defined through the Arctic Council, whose
members are Canada, Denmark (including Greenland
and the Faroe Islands), Finland, Iceland, Norway, the
Russian Federation, Sweden and the United States of
America (see Section 2.5).
Temperatures have increased about twice as fast
in the Arctic as in the mid-latitudes in an 'Arctic
amplification' (Overland et al., 2014). In the absence
of a strong reduction in the Atlantic Meridional
Overturning, the Arctic region is also projected to
continue to warm more than other regions (Collins
et al., 2013) (see Section 3.2.2). The faster than
average increase in temperatures is a strong driver
of climate-related changes in the Arctic. The Arctic is
vulnerable to these temperature increases because
they affect key features, such as sea ice extent and
seasonal variation in ice and snow, the ice sheet mass
balance, glaciers and permafrost, and snow cover (see
Section 3.3) with knock-on effects on the hydrology
of Arctic waters (AMAP, 2011). The dynamics of the
freshwater systems with increasing precipitation and
thawing permafrost will be reflected in water courses
and altered patterns of lakes and wetlands and the
ecosystems they support (CliC et al., 2016). Research
furthermore suggests that there are strong positive
ice–temperature feedbacks in the Arctic, and thus the
rapid warming and reduction in sea ice are likely to
continue (Screen and Simmonds, 2010). Overall, the
Arctic is becoming warmer and wetter (Boisvert and
Stroeve, 2015).
The physical changes will in turn affect Arctic aquatic
and terrestrial ecosystems, and a wide range of
human activities, ranging from the exploitation of
fossil fuel reserves, transportation and the building
of infrastructure to reindeer herding (Arctic Council,
2013). For example, the loss of permafrost increases
the risk of damage to infrastructure. At the same time,
longer ice-free seasons and shorter periods of snow
cover provide new opportunities for the use of natural
resources and for sea transportation (see Section 5.5).
The Arctic Monitoring and Assessment Programme
has produced an overview of key issues related to
climate change in the Arctic (AMAP, 2013). Human
development, biodiversity and oceans are directly
vulnerable to the consequences of climate change,
but, as the Arctic is a complex socio-ecological system,

there are also many interactions between human
activities, biodiversity and oceans (Arctic Council,
2013).
Arctic ecosystems have evolved under climatic
conditions that have been characterised by long
periods of sub-zero temperatures, snow, ice and
permafrost and are, therefore, sensitive to an increased
duration of above-zero temperatures. With progressing
climate change, winters will become shorter and
permafrost will thaw. The thawing of permafrost may
also accelerate climate change (Schuur et al., 2015).
In the Arctic, specific habitats for flora and fauna
(including sea ice, tundra and permafrost peatlands)
have been partially lost over recent decades.
Arctic vegetation zones are likely to shift, causing
wide-ranging secondary impacts. Some species of
importance to Arctic people as well as species of global
significance are declining. Climate change is emerging
as the most far-reaching and significant stressor on
Arctic biodiversity (Meltofte, 2013). Moreover, marine
ecosystem acidification may become a serious threat,
as acidification can progress more rapidly in Arctic
oceans owing to low temperatures and considerable
influx of freshwater (Chierici and Fransson, 2009;
AMAP, 2014). Hitherto unexpected consequences such
as mixing of Pacific and Atlantic fish species may also
be a result of warming (Wisz et al., 2015).
The Arctic differs from many other parts of Europe
by having a relatively large proportion of indigenous
people. Livelihoods that depend directly on ecosystem
services are still common. Consequently, a range of
climate change impacts have already been experienced
by local residents in different communities of the
Arctic (Gofman and Smith, 2009). Although some
communities lack the appropriate resources for
effectively adapting to the projected changes, it is also
known that many Arctic communities have, because of
the naturally harsh and variable conditions, developed
a considerable capacity to deal with climatic variability
(Stepien et al., 2014). Climate change is, however,
not an isolated phenomenon, and the traditional
livelihoods, such as reindeer herding, that are under
pressure from a range of socio-economic and political
developments may suffer (Pape and Löffler, 2012).
The Arctic has abundant renewable and non-renewable
natural resources that hitherto have been difficult to
exploit. Progressing climate change with shifts in the
distribution and seasonal occurrence of snow and
ice cover affect transport options and infrastructure,
and thus access to resources (CliC et al., 2016).
Climate change may therefore increase pressures
on fragile Arctic environments but also on traditional
livelihoods of indigenous people through competition
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for space or through environmental impacts caused
by the exploitation of natural resources (AMAP,
2013). The changing socio-economic landscape
interacts with climate change impacts and can erode
cultural traditions, have an impact on food sources
and influence migration, leading to shifts in the
demography in the Arctic (UNESCO, 2009).
Climate change both offers opportunities for and
threatens human use of Arctic ecosystem services and
the exploitation of Arctic natural resources. However,
for the unique ecosystems and species that are
adapted to long periods of sub-zero temperatures,
global warming is exclusively a threat, which can be
reduced only by mitigating climate change.

6.5.3 The Baltic Sea region
This section is based on the Second assessment of
climate change in the Baltic Sea basin (The BACC II
Author Team, 2015), which describes observed and
projected climatic changes in the atmosphere, on
land and in the sea, and their observed and projected
impacts.
Despite large multi-decadal variations, there has been a
clear increase in surface air temperature in the Baltic Sea
basin since the beginning of the observational record
in the region in 1871. Linear trends in the annual mean
temperature anomalies from 1871 to 2011 were 0.11 °C
per decade north of 60 °N and 0.08 °C per decade
south of 60 °N in the Baltic Sea basin. No long‑term
precipitation trend was observed for the whole region,
but there is some indication that there was a tendency
towards increasing precipitation in winter and spring
during the latter half of the 20th century. No long-term
trend has been observed in annual wind statistics since
the 19th century, but there have been considerable
variations on (multi-)decadal time scales. A northwards
shift in storm tracks and increased cyclonic activity have
been observed in recent decades, with an increased
persistence of weather types.
No statistically significant long-term change has been
detected in total river run-off to the Baltic Sea during
the past 500 years. However, increased annual, winter
and spring stream flow values, as well as earlier
snowmelt floods, were observed in the northern
regions, whereas a decrease in annual discharge from
southern catchments of the Baltic Sea of about 10 %
has been observed over the past century. For river ice, a
decreasing trend was observed over the past 150 years,
with an even clearer trend for the past 30 years,
indicating a reduction of ice cover duration and a shift to
earlier ice break-up. Decreasing trends have also been
observed for snow cover and frozen ground.
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The annual mean sea surface temperature of the Baltic
Sea increased by up to 1 °C per decade in the period
1990–2008, with the greatest increase in the northern
Bothnian Bay. Overall, a clear trend in salinity cannot
be detected. Sea ice shows large interannual variability,
but a change towards milder ice winters has been
observed over the past 100 years. Both the annual
maximum ice extent and the length of the ice season
have decreased.
Sea level rise of around 1.5 mm/year, comparable to
the global sea level rise, has been measured in the
Baltic Sea. However, recent data have indicated a rise
of around 5 mm/year (± 3 mm/year) with the central
estimate thus higher than the recent global mean of
3.2 mm/year (The BACC II Author Team, 2015). There is
some evidence that the intensity of storm surges may
have increased in recent decades in some parts of the
Baltic Sea, and this has been attributed to long-term
shifts in the tracks of some types of cyclone rather than
to long-term change in the intensity of storminess.
Future climate change in the Baltic Sea region has
been assessed by means of dynamic downscaling
(results from 13 RCM simulations of the ENSEMBLES
project) and of statistical downscaling studies (The
BACC II Author Team, 2015). Air temperatures in the
Baltic Sea area are projected to increase further for all
seasons under all of the different SRES levels, with a
warming rate generally greater than the corresponding
global one. The greatest level of warming is projected
for the northern part of the region in winter. Under
all SRES levels, winter precipitation is projected to
increase across the entire Baltic Sea region, while
summer precipitation is projected to increase only
in the northern half of the basin and to change very
little in the southern part of the region. Extremes of
precipitation are also projected to increase. Model
projections for wind diverge so there is no robust
evidence on the direction of future changes.
Snow cover extent, duration and amount have been
observed to be decreasing in the region, although with
large interannual and regional variation. The amount
of snow is projected to decrease considerably in the
southern half of the Baltic Sea region, with median
reductions at the end of the century of about 75 %
with respect to the period 1961–1990 (as simulated by
RCMs using the SRES A1B scenario) (The BACC II Author
Team, 2015, Chapter 6, 11). A decrease in river run-off
is possible, even in areas with increased precipitation,
if it is overcompensated for by increasing evaporation
(The BACC II Author Team, 2015, Chapter 21).
The water temperature of the Baltic Sea is projected
to increase significantly, and sea ice cover is projected
to decrease significantly under all of the greenhouse
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gas emissions scenarios used (covering the range
between SRES B1 and A2) (The BACC II Author Team,
2015, Chapter 13). Sea level in the Baltic Sea may rise
at a similar rate as is projected globally (The BACC II
Author Team, 2015, Chapter 14). Sea level rise also has
a greater potential to increase storm surge levels in
the Baltic Sea than increased wind speed (Gräwe and
Burchard, 2012).
The projected warming may affect the northwards
migration of terrestrial and aquatic species resulting in
longer reproductive periods for coastal fauna and flora
in the Baltic Sea region and a northwards shift of the
hemiboreal and temperate mixed forests. The effects
of climate change facilitate invasions by non‑indigenous
aquatic bird species, such as cormorants (Herrmann
et al., 2014), as well as mammalian predators, which
could cause major changes in coastal communities
(Nordström et al., 2003). There are indications that the
transport of dissolved organic matter and total nitrogen
fluxes to the Baltic Sea may increase considerably
(Omstedt et al., 2012).
In the deep waters of the Baltic Sea, increasing
areas of hypoxia and anoxia are anticipated owing
to the increased nutrient inputs due to increased
run-off, reduced oxygen flux caused by higher air
temperatures, and intensified biogeochemical
cycling, including mineralisation of organic matter.
Cyanobacteria (blue-green algae) blooms are expected
to start earlier in summer (Neumann, 2010; Meier
et al., 2012; Neumann et al., 2012). A change in
seasonal succession and dominance shifts in primary
producers in spring is projected, as well as a general
shift towards smaller sized organisms. A potential
climate-induced decrease in salinity, together with
poor oxygen conditions in the deep basins, could
negatively influence Baltic cod and may lead to a
reduction of marine fauna (Hinrichsen et al., 2011).
A reduced duration and spatial extent of sea ice may
cause habitat loss for ice-dwelling organisms and
may induce changes in nutrient dynamics within
and under the sea ice. A model simulation of future
marine acidification in the Baltic Sea implies that
rising atmospheric CO2 levels dominate future pH
changes in sea surface water, whereas eutrophication
and enhanced biological production are not affecting
the mean pH value. The projected decrease in
pH of surface water by 2100 ranges from about
0.26 (best scenario) to about 0.40 (worst scenario)
(Omstedt et al., 2012). In addition, overfishing and
eutrophication may erode the resilience of the
ecosystem, making it more vulnerable to climatic
variations.
Climate change impacts on forestry and agriculture
differ with location. Growing conditions tend to

improve in the northern boreal zone owing to higher
temperatures, increased CO2 and increased water
availability, while reduced precipitation (in the growing
season) and higher temperatures would lead to
deteriorating growing conditions in the southern
temperate zone.
In general, the southern part of the Baltic Sea basin,
with its low-lying coasts and higher anthropogenic
pressure than the northern part, is expected to be
more vulnerable to the above-mentioned impacts
of climate change: an increased risk of storm surges
owing to sea level rise, droughts in the summer as a
result of a potential change in the precipitation and
run-off regime, and possibly more frequent extreme
precipitation events.

6.5.4 Mountain regions: the Pyrenees
This section is based on recent assessments by
the Pyrenees Climate Change Observatory (OPCC)
(OPCC and CTP, 2013; OPCC, 2015).
In the whole Pyrenees region, an increase of the mean
surface air temperature of the mountain range of
0.21 °C per decade and a decrease in precipitation by
2.5 % per decade have been observed in the period
1950–2010 (OPCC, 2015). Climate projections indicate
that the mean air temperature across the mountain
range of this region will increase in the range of
1–2 °C by 2030 and 2.5–5 °C by 2100 compared with
the current situation. Furthermore, the frequency
and intensity of heat waves is projected to increase,
in particular in the north-western and south-eastern
parts of the region (AEMET, 2008; López-Moreno
et al., 2008). These changes will have an impact
on spatial expansion, persistence and thickness
of snow cover. Projections according to the SRES
A1B scenario suggest a reduction in snow cover of
about 1.5 months at an altitude of 1 800 m in the
south‑western part by 2030, with respect to the
reference period 1961–1990 (Déqué, 2012).
A reduction of 10–20 % of accumulated annual
precipitation is projected by 2100, with the largest
decline (about 40 %) in summer and largely
unchanged precipitation patterns in winter (AEMET,
2008; López-Moreno and Beniston, 2009). Moreover,
more frequent and intense droughts are projected
owing to the reduction in summer precipitation
and temperature rise, causing an increase in
evapotranspiration (EEA, 2012).
The major river basins (the largest of which are
the Ebre, the Garonne and the Adour), situated
downstream of the region, are supplied from the
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Pyrenees water resources. Reductions of up to 40 % of
the flow of the Garonne river (MEDDE, 2013), 0–35 %
of the flows of the Catalan rivers (ACA, 2009) and 20 %
of the flow of the Ebre river in the summer season
are projected for 2060 (Confederación Hidrográfica
del Ebro, 2005). On the other hand, climate change
is projected to lead to increased water demand
(e.g. increase in irrigation needs and in drinking water
demand in hot periods), which could further amplify
the pressure on the water sector (SOGREAH, 2011).

6.5.5 Mountain regions: the Alps

Climate change is also projected to have an impact
on forests — particularly conifers, as they are less
adaptable to dry conditions — and agriculture,
potentially leading to a decrease in average yields
close to 12 % by 2025 (see Sections 4.4 and 5.3). On
the other hand, the foothill grasslands and mountain
summer pastures are expected to increase their
biomass production in spring (maximum production
period) and autumn, and to lengthen their production
period, which will increase their exploitation
possibilities (hay or pasture) (Felten, 2010; Brisson and
Levrault, 2012). The risk of forest fires is expected to
increase, especially in the summer, as temperature
rises and precipitation declines.

The main climatic drivers of vulnerability to climate
change in the Alps can be summarised by an increase
in temperature higher than the global average, an
observed increase in annual precipitation in the
north‑west and a decrease in the south-east of the
Alps (Auer et al., 2005, 2007, 2014), a past and present
decrease in seasonal precipitation during summer over
all of the Alps and an increase in precipitation in winter
in the north-west, as well as a pronounced variability in
precipitation patterns, and an expected change in the
intensity of extreme weather events.

Hydroelectric power generation in the Catalan Pyrenees
has already decreased by 40 % in the 2003–2007
period, compared with average generation, and a
further decrease in hydraulic power potential of
20–50 % is projected by 2070 (CTP and OPCC, 2012).
Tourism, which is a major economic sector for the
Pyrenees, will be affected by future climate change
(see Section 5.6). In particular, winter tourism is
projected to be affected by a reduction in the length
of the snowfall period (see Section 3.3.5), ranging
between 40 and 55 days in 2030 at an altitude of
1 800 m and between 50 and 85 days in 2100 (for
scenario A1B with respect to the period 1961–1990)
(CTP and OPCC, 2012). This reduction of the snowfall
period will be the result of a large decrease in snowfall
and higher air temperatures, which will also move
the altitude at which snow is stable from 1 800 m to
2 200 m in the region. This might lead to a potential
reduction of the snow cover area by more than 50 %
on the southern slopes of the Pyrenees region (ACA,
2009). Even though there will be a high local variability
on the level of the impacts, an overall decrease of the
season length and an increase of the snowmaking
necessity is projected for most of the Pyrenean ski
resorts (Pons et al., 2014, 2015). Finally, in the future,
increases in the frequency and intensity of heat waves
are expected to lead to increased health risks for the
Pyrenees population, owing not only to heat but also
to heat waves increasing peak air pollution in the main
urban areas of the Pyrenees (CTP and OPCC, 2012).
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Analysing the climate change impacts and
vulnerabilities of this region is particularly relevant,
as the Alps are the living and working space for more
than 14 million people and are characterised by fragile
ecosystems and specific topographical conditions,
which determine not only climate sensitivities, but
also non-climatic aspects such as settlement practices
(Permanent Secretariat of the Alpine Convention, 2011).

From the late 19th century until the end of the 20th
century, the Alpine region experienced a total annual
mean temperature increase of about 2 °C, nearly twice
the average in the northern hemisphere (Auer et al.,
2014; Gobiet et al., 2014). As regards precipitation,
despite the differences deriving from seasonal and
geographical conditions (Gobiet et al., 2014), a general
shift in precipitation peaks from summer to winter is
projected for most of the Alps (BMU, 2008; Schöner
et al., 2010), while the south and south-east will
become significantly drier in all seasons (EEA, 2009;
Haslinger et al., 2015). Owing to warmer temperatures,
winter precipitation is projected to fall more frequently
as rain. Moreover, an increase in the intensity and
frequency of extreme weather events (heavy rainfall,
drought periods, heat waves and possibly also storms)
is expected in the whole Alpine region.
Since 1900, the Alpine glaciers decreased in their ice
mass by about 50 % (Zemp et al., 2008; Huss, 2012)
and a recent study (Radić et al., 2013) has estimated a
loss between 84 % and more than 90 % of their current
volume by 2100 under RCP4.5 and RCP8.5 scenarios,
respectively (see Section 3.3.4).
The main non-climatic drivers of vulnerability derive
from the specificities of the Alpine topographical
conditions, and are, in particular, the limited settlement
space available and the subsequent intensification of
land use. The ongoing development of settlements
— including their expansion into hazard zones —
enlarges the surface area, population and material
assets exposed to risk and hazards, resulting in the
need for ad hoc planning and building practices, such
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as densification (Permanent Secretariat of the Alpine
Convention, 2015). This can aggravate the pressure on
the territory and can lead to adverse spill-over effects
on environmental quality. Owing to the subsequent
fragmentation of habitats, this can also have an impact
on biodiversity and species distribution, which are likely
to be adversely affected by climate change.
Decreasing water availability in the dry period — as a
consequence of expected changes in the precipitation
patterns and the melting of the glaciers — will reinforce
the competition between different water usages, such
as drinking water, irrigation, energy production and
tourism-related uses, as well as between upstream and
downstream territories (see Section 4.3). Moreover,
the hydrological system is projected to become more
sensitive to extreme weather events. The impacts of
changing river flow regimes on hydropower production
capacities are a key issue for energy production in the
Alpine region, in particular in the longer term (BallarinDenti et al., 2014) (see Section 5.4). The development of
new renewable energy production units will be the key
adaptation measure, but could face possible conflicts
with nature and landscape protection and with other
activities such as tourism, agriculture and forestry.
The Alpine region is regarded as highly susceptible
to mountain-specific climate-related hazards, such as
gravitational mass movements (e.g. debris flows and
landslides), torrential processes and floods (Gobiet
et al., 2014). These risks from natural hazards are likely
to increase as a consequence of different effects, such
as changes in precipitation patterns, increased soil
erosion, permafrost degradation and the destabilisation
of mountain slopes. This reduces the suitable areas
for settlement, reinforcing the competition between
the different forms of land use and directly affecting
infrastructures for transport and energy distribution.
Global climate change causes additional threats to
Alpine biodiversity (EEA, 2010; Engler et al., 2011;
Dullinger et al., 2012; Gottfried et al., 2012). Their high
degree of specialisation makes Alpine species less
tolerant and more vulnerable to changes in ecological
conditions. Owing to shifting climatic zones, many
plant and animal species face extinction risks because
upwards or northwards migration is not possible,
especially for high-altitude species. Observations show
that the specialised species growing at high altitudes
are replaced by more competitive species from lower
regions (see Section 4.4).

Forest ecosystems are already affected and are
expected to face increased losses and damage costs
from multiple climate-induced effects, e.g. higher
tree mortality, more pest species calamities, higher
water stress and greater forest fire frequency. This
will have a negative impact on both the regulative
ecosystem services of forests and the entire forest
wood‑production chain (Umweltbundesamt, 2007,
2013).
In the agriculture sector, the impact of climate change
will vary in different parts of the Alps (Fuhrer et al.,
2006; Tamme, 2012; Mitter et al., 2015). In some
regions, the average yield potential will increase, and
some crop species, such as grapevine, may find new
opportunities in areas that were not suitable to them
before. In the southern part of the Alps, the change in
precipitation could increase the risk of droughts.
Tourism is another important sector in the Alps that,
on the one hand, is likely to be subjected to pressures
deriving from climate change, owing both to lower
snow reliability in winter (see Section 3.3.5) and to an
increase in risks from natural hazards. On the other
hand, there may be a new touristic opportunity for the
Alps in a revival of summer cool-seeking tourism (see
Section 5.6).

6.5.6 Mountain regions: the Carpathians
This section is mainly based on the final report of
the CARPIVA (123) project, in which the results of the
CARPATCLIM (124) and CarpathCC (125) projects are
integrated (Werners et al., 2014).
Rising temperatures have been observed in all seasons
for the period 1961–2010, with the strongest warming
of up to 2.4 °C (depending on location and altitude) in
summer seasons. The lowest rates of warming have
been measured in winter, with temperature increases
mostly lower than 0.4 °C. Model projections according
to the SRES A1B scenario suggest an increase in
temperature of up to 1.8 °C for the period 2021–2050
compared with the reference period 1961–1990, with
greater temperature increases in the southern parts of
the region (see Section 3.2.2). Regarding precipitation
patterns, observations have shown increasing annual
precipitation in most of this region in the last 50 years,
except for the western and south-eastern areas, where
precipitation has been decreasing. Projections suggest

(123) CARPIVIA: 'Carpathian integrated assessment of vulnerability to climate change and ecosystem-based adaptation measures';
see http://www.carpivia.eu.
(124) CARPATCLIM: 'Climate of the Carpathian Region'; see http://www.carpatclim-eu.org/pages/home.
(125) CarpathCC: 'Climate Change Framework Project'; see http://www.carpathcc.eu.
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further precipitation increases (up to 10 %) in winter
but a decrease of about 15 % in the summer period
(Werners et al., 2014).
The Carpathians include eastern Europe's largest
contiguous forest ecosystem, which provides habitat
and refuge for many endangered species. The native
flora of the Carpathians is among the richest on
the European continent. It is composed of almost
4 000 species, representing approximately 30 % of
the European flora. The Carpathians contain Europe's
largest populations of brown bears, wolves, lynx,
European bison and rare bird species. The promotion
of sustainable agriculture, forestry and tourism are
crucial for safeguarding the diversity, continuity and
robustness of these ecosystems, allowing species to
migrate under changing climatic conditions to areas
that better meet their living conditions. The seven
countries with a share of the Carpathian territory are
characterised by large socio-economic differences,
which in turn shape climate change vulnerability and
response capacities (Werners et al., 2014).
The factors projected to most affect the water sector
are increasing temperatures, increasing winter
precipitation and decreasing summer precipitation.
Decreasing summer flows would have negative
impacts on ecosystems and ecosystem services.
Periods when ecological water demands will not
be met are projected to increase, with potentially
irreversible damage to aquatic and riparian
ecosystems. Settlements, agriculture and industry are
projected to be affected by more frequent periods
of water shortages. At the same time, increasing
wintertime flows are likely to exacerbate existing
flood problems (see Section 4.3.3). The vulnerability of
water resources shows a clear south–north gradient,
with higher risks in the south, owing to a combination
of climatic, topographical and economic factors
(Werners et al., 2014).
In the context of the CarpathCC project, integrated
forest vulnerability to climate change has been
assessed on the basis of exposure and sensitivity
components and adaptive capacity. This study shows
that the vulnerability of forest ecosystems is highest
in the southern and western parts of the Carpathian
region (see Map 6.7). This is attributed to the fact
that the condition of the trees has deteriorated and
the composition of the forests has changed owing to
increased drought events, with the result that pests
can occur more easily (Werners et al., 2014).
The Carpathian wetlands and grasslands are also
vulnerable to the combined pressure from climate
change and human activities. The most vulnerable
wetland habitats are peatlands, owing to their limited
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resilience to climate variability and human activities,
such as changes in land use. Less vulnerable are
halophytic habitats, steppes and marches. These
habitats can adapt to climate fluctuations, yet are
highly sensitive to human activities and changes
in land use. The lowest vulnerability is found in
habitats already subjected to regular flooding, such as
subterranean wetlands and some riverbank and water
habitats. Grasslands in the region have strong cultural
associations, provide a wide range of ecosystem
services and associated economic benefits, and are
rich in wildlife and biodiversity. The species‑rich
Nardus grasslands in (sub-)mountain areas, where
management possibilities exist, are less vulnerable,
while the (sub-)Alpine grasslands on calcareous sites
are more vulnerable to changing climatic conditions
(Werners et al., 2014).
Currently, changes in the turnover of the tourism
sector are much more dependent on general
economic performance than on climate change.
On the other hand, several tourism activities may
potentially be positively affected by future climate
change (e.g. ecotourism, summer tourism, health
tourism, vocational tourism), while other activities
such as fishing, hunting and winter sports are
expected to be affected negatively (Werners et al.,
2014).

6.5.7 The Mediterranean region
This section is mainly based on the first two volumes
of the Regional Assessment of Climate Change in
the Mediterranean (Navarra and Tubiana, 2013a,
2013b) as part of the FP6 CIRCE project. This is so
far the only comprehensive regional assessment of
climate change observations, projections, impacts
and vulnerabilities for the Mediterranean region that
applies an integrated interdisciplinary approach to
assess how climate is expected to affect ecosystems,
key economic sectors and societies.
The large environmental diversity and unique biotic
and abiotic characteristics of the Mediterranean Sea,
the largest of the semi-enclosed European seas, are
undergoing rapid changes owing to increasing natural
and human pressures (EEA, 2015). In particular, the
physical dynamics and hydrological structure of the
Mediterranean are influenced by climate change
impacts and the increasing nutrient and pollutant
loads discharged into several areas of the basin.
Furthermore, the Mediterranean has been identified
as one of the main climate change hotspots in Europe,
where potential impacts may be particularly severe,
with a large number of sectors affected (see also
Section 6.2) (Giorgi, 2006).
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Map 6.7

Vulnerability of the forest sector in
the Carpathian region

Relative vulnerability
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Note:

The map shows the vulnerability of forests in the Carpathian
region (see Map 6.6 for the location) to climate change,
evaluated in the frame of geomorphological units on the
basis of several indicators of climatic exposure, forest
climatic sensitivity and adaptive capacity.

Source:

Adapted from Barcza et al., 2013.

Climate observations show that there has been
a progressive and substantial drying of the
Mediterranean land surface since 1900 (e.g. a change
of the Palmer Drought Severity Index by – 0.2 units
per decade), consistent with an increase in surface
air temperatures and a decrease in precipitation.
The analysed sea level data show a rise of about
150 mm in the last two centuries, and a 20-year-long
reanalysis (1985–2007) of marine temperature and
salinity detected long-term temperature variability
and a positive salinity trend in the ocean layers from
the surface to a depth of 1 500 m. Regarding extreme
climate and weather events, heat wave durations and
frequencies have been observed to have increased
more than six-fold since the 1960s (Kuglitsch et al.,
2010).
A significant surface warming of about 1.5 °C in
winter and about 2 °C in summer and a decrease in
mean annual precipitation (about 5 %) is projected in
this region for the period 2021–2050 compared with
the period 1961–1990 under SRES A1B emissions,
with the largest changes projected for the summer
months (Gualdi et al., 2013). Sea level rise in the
Mediterranean Sea is expected to be in the range of
6.6–11.6 cm in the period 2021–2050 with respect
to the reference period 1961–1990. Furthermore,

more frequent very hot days and nights, longer warm
spells and more intense and frequent heat waves
are projected for the whole Mediterranean region
(Navarra and Tubiana, 2013b) (see also Section 3.2.3).
Climate change also interacts with other non-climatic
drivers in the Mediterranean (Navarra and Tubiana,
2013a, Chapter 2), such as urbanisation and other
socio-economic modifications, land-use changes
(Santini and Valentini, 2011) or changes in tourism
flows. All these factors combined are likely to cause
significantly increasing climate-related risks and
vulnerabilities in the region (see also Section 6.2).
Of the range of different climate impacts in the
Mediterranean region, water availability is considered
the most critical (EEA, 2012). The new expected climate
regime, under the combined effects of precipitation
decrease and near-surface air temperature increase, is
expected to affect the hydrological cycle with a general
decline in water availability in terms of groundwater
recharge, superficial water flow and soil moisture
(Santini et al., 2014). Furthermore, the decrease in
water resource reliability is related to the increased
variability of streamflow, including an earlier decline in
high flows from snowmelt in spring, an intensification
of low flows in summer, more irregular discharges
in winter, and changes in reservoir inputs, including
reduced availability of or less reliable discharges
from dams to meet the water demand from irrigated
and urban areas. These factors act in conjunction
with other drivers such as changing patterns of land
use, population increase, increasing water demands
for agricultural, industrial, energy and domestic
consumption, and inappropriate water management
(García-Ruiz et al., 2011), all of which make the
Mediterranean water sector highly vulnerable under
future climate change (Navarra and Tubiana, 2013b).
The projected reduction in mean precipitation
and the increase in interannual and intra-annual
precipitation variability, alongside inefficient water
resource management in some areas of this region,
will negatively affect water availability for a large
number of people. In particular, shortages of water
resources are projected in some northern areas of
Spain (Arias et al., 2014) and Italy (Senatore et al.,
2011; Gunawardhana and Kazama, 2012), where
some water production is currently non-sustainable
(overexploitation of renewable and non-renewable
water reserves) (Navarra and Tubiana, 2013b).
The Mediterranean region is projected to be affected
by losses of agricultural yields and carbon storage
potential, increased fire risks and biome shifts (Navarra
and Tubiana, 2013a; Santini et al., 2014). Mediterranean
ecosystem services are particularly sensitive to extreme
events or seasons, such as very hot and dry summers
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(Ciais et al., 2005; Reichstein et al., 2007; Vennetier
et al., 2007; Navarra and Tubiana, 2013a, Chapter
3) and mild winters or windstorms and heavy rains
(IPCC, 2014). Ecosystem services are also threatened by
long‑term climate‑driven changes such as aridification
and degradation, eventually leading to irreversible
desertification (Rubio et al., 2009; Santini et al., 2010).
Future climate change is also projected to affect typical
Mediterranean crops, e.g. grapevine, durum wheat
and olive (Ponti et al., 2014; Tanasijevic et al., 2014;
Saadi et al., 2015). In particular, the area suitable for
olive trees is projected to undergo a northwards and
eastwards shift owing to the projected warming and
drying (Mereu et al., 2008; Navarra and Tubiana, 2013a,
Chapter 4). Agriculture also includes the farming of
animals, which will be exposed to increased heat
stress during summer (Navarra and Tubiana, 2013a,
Chapter 7).
Impacts of climate change on the Mediterranean
forests (see Section 4.4) are already evident in
ecophysiology, productivity, dieback and some
shifts in species distributions (Bréda et al., 2006;
Vennetier et al., 2007; Allen et al., 2010), and these
impacts are projected to further increase as a result
of the projected climate change. In particular, the
distribution range of typical Mediterranean tree
species is likely to decrease in the region, but it could
expand to new areas with new Mediterranean‑like
climatic conditions (Jump et al., 2006; Ruiz‑Labourdette
et al., 2012). Projected climate change for the
Mediterranean region is likely to increase fuel dryness
and reduce relative humidity, which will thus lead
to a higher forest fire risk, longer fire seasons and
more frequent large, severe fires, along with more
difficult conditions for ecosystem restoration after fire
(Navarra and Tubiana, 2013a, Chapter 6).
The Mediterranean marine ecosystems, which
are already experiencing pressures ranging from
eutrophication to dumping of waste and fish farming,
are expected to suffer additional pressures owing to
increased marine temperatures (see Section 4.1).
The Mediterranean is the largest tourism region in
the world owing to its unique natural and cultural
heritage. Higher air temperatures in northern
European countries are expected to reduce
the north‑south tourism flow (see Section 5.6).
Furthermore, the attractiveness and competitiveness
of Mediterranean coastal areas could be reduced for
tourists because of increasing air temperatures during
summer peak seasons and increasing coastal erosion.
Further studies on understanding the regional
differences within the Mediterranean touristic areas
and the role of the non-climatic factors are needed in
this sector (Navarra and Tubiana, 2013a).
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Higher air temperatures, more frequent and longer
heat waves, reduced air quality (mainly PM and
ozone), and changes in the distribution patterns of
climate-sensitive infectious diseases are expected
to lead to an increased risk to human health in
Mediterranean countries if adaptation measures are
not planned and taken in due time (see Section 5.2).
Table 6.6 provides a summary of the stresses, impacts,
sensitivities and critical thresholds for the different
ecosystem services and the sectors they support
(Navarra and Tubiana, 2013a, Chapter 2).

6.5.8 EU overseas entities
This section covers the EU overseas entities, which
comprise nine EU outermost regions (ORs) and
25 overseas countries and territories (OTCs). Both
types of region are characterised by their remoteness,
specific climatic conditions, very rich biodiversity, high
concentration of population and economic activities
along the coastline, and economic dependence on a
small number of products and services.
The ORs comprise remote regions that belong to
an EU Member State and that are an integral part
of the EU. There are nine ORs: five French overseas
departments (Guadeloupe, French Guiana, Martinique,
Réunion and Mayotte), one French overseas
collectivity (Saint Martin), two Portuguese autonomous
regions (Madeira and the Azores) and one Spanish
autonomous community (the Canary Islands). The
OTCs comprise 25 regions that are not part of the EU
but are constitutionally linked to an EU Member State
(in particular to Denmark, France, the Netherlands
and the United Kingdom). The type of association with
the EU varies across OTCs. The OTCs are a particularly
diverse group, as they range from small islands in the
tropics to huge territories in the Arctic (Greenland)
and the Antarctic (the British Antarctic Territory).
Several research activities and policy initiatives have
covered ORs and OTCs jointly, despite their different
legal statuses. A first comprehensive overview of the
potential impacts of climate change on biodiversity
in ORs and OTCs was provided in a report by the
International Union for Conservation of Nature (IUCN)
in collaboration with the Observatoire National sur
les Effets du Réchauffement Climatique (ONERC; the
French national observatory about climate change
impacts) (Petit and Prudent, 2010), based on the
2008 IUCN conference 'The European Union and
its Overseas Entities: Strategies to Counter Climate
Change and Biodiversity Loss'. Further relevant
information was provided in an IUCN-led review of
the implementation of the convention on biological
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Table 6.6

Vulnerability of ecosystem services in the Mediterranean

Sector

Ecosystem
services

Stress (climate,
others)

Impacts/
sensitivities

Agriculture,
grazing,
agroforestry

Food (crop
and livestock)
production

• Higher irrigation
• Precipitation threshold
demand
beyond which rain-fed
systems fail
• Reduced productivity
• Fallow groundwater level
• Crop failure
threshold below which
• Livestock mortality
pumping fails

Agriculture

Carbon
sequestration

• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Disease
• Erosion
• Urban encroachment
• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Disease
• Erosion
• Urban encroachment

Agriculture,
forestry

Biofuels, carbon
offset

Forestry

Timber
production

Forestry,
terrestrial
ecosystems

Carbon
sequestration

Terrestrial
and aquatic
ecosystems

Water provision/
regulation

Source:

• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Disease
• Fire
• Erosion/overexploitation
• Urban encroachment
• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Disease
• Fire
• Erosion/overexploitation
• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Disease
• Fire
• Erosion
• Higher temperatures
• Changing precipitation
patterns
• Water stress
• Land cover changes
• Landscape degradation
• Erosion

Critical thresholds for
ecosystem services

• Higher irrigation
• Precipitation threshold
demand
beyond which rain-fed
systems fail
• Reduced productivity
• Irrigation water allocations
• Soil organic matter
below which permanent
decomposition
cultures die
• Fallow groundwater level
threshold below which
irrigation water pumping
fails
• Grazing pressure beyond
stocking capacity above
which productivity sharply
declines
• Climatic or land-use change
threshold beyond which
systems turn into carbon
sources
• Reduced productivity • Precipitation threshold
below which biofuels can no
• Crop or tree mortality
longer be produced
• Water or land scarcity
threshold below which food
security is threatened

• Reduced productivity • Temperature or
management threshold
• Tree mortality
beyond which many more
fires occur

• R
 educed productivity • Climatic or land-use change
threshold beyond which
• Tree mortality
systems turn into C-sources
• Soil organic matter
decomposition

• R
 educed water
availability
• Higher water
demand
• Water quality
degradation
• Sediment yield

• Precipitation threshold
below which groundwater
recharge fails
• Minimum vegetation cover
threshold below which
moisture recycling from
land surface to atmosphere
fails
• Minimum vegetation cover
threshold below which rapid
erosion/siltation starts

Adapted from Hoff, 2013.
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diversity (Benzaken and Renard, 2011), even though
this review did not focus on climate change. The
current NetBiome-CSA project (126) is an EU-funded
coordination and support project aiming to strengthen
European research cooperation for smart and
sustainable management of tropical and subtropical
biodiversity in ORs and OCTs.
EU outermost regions
The information presented here builds mainly on the
final report of a study commissioned by DG-CLIMA
on the impact of climate change and adaptation
measures in the ORs (EC, 2014a, 2014b). Further
information is available in sectoral assessments,
e.g. for coastal areas (EC, 2009a, 2009b).
The ORs, which have been recognised as particularly
vulnerable to climate change impacts in the recent
EU Strategy on climate change adaptation, have the
following features in common that contribute to their
general high degree of vulnerability:
•

•

•

high sensitivity to extreme weather and climate
events, e.g. hurricanes, cyclones, storm surges,
flooding and droughts;
high sensitivity of water resources to sea level
changes, with a related risk of saltwater intrusions,
and also to droughts;
very rich biodiversity and a high concentration
of endemic species that are sensitive to changes
in temperature and precipitation and to the
introduction or increase in numbers of pests and
invasive species;

•

high exposure of coastal zones, owing to dense
urban areas, socio-economic activities and
infrastructures, making them highly sensitive to sea
level rise and coastal flooding;

•

an economy dependent on a small number of
sectors (e.g. fishing and tourism), which makes them
highly vulnerable to any potential changes.

Owing to the limited number of specific modelling and
impact assessment studies, information about climate
change impacts relevant to ORs is mainly based on
the IPCC reports. The following are the key impacts of
climate change in the ORs (IPCC, 2014):
•

a change in annual precipitation patterns
(e.g. wetter winters but drier summers);

•

increasing sea temperatures and ocean acidification
leading to coral bleaching;

•

an increasing frequency of inland and coastal floods
owing to extreme precipitation events and storms
as well as sea level rise;

•

increasing saltwater intrusions into freshwater
aquifers, with related negative effects on water
quality;

•

impacts on the health sector as a result of rising
temperatures and heat waves causing increasing
mortality and related human diseases;

•

increasing soil degradation, droughts and wildfires,
with increasing related impacts on agriculture and
food production due to rising temperatures and
heat extremes;

•

increasing impacts on the few relevant economic
sectors of these regions.

In a study on the impact of climate change and
adaptation measures in the ORs, the impacts and
vulnerabilities of most of the ORs (127) were scored and
combined to give an assessment of the level of risk or
opportunity arising from climate change for each OR
(EC, 2014a, 2014b). Table 6.7 summarises risks and
opportunities across seven selected economic sectors
and six human and environmental systems relevant for
all the ORs.

(126) http://www.netbiomecsa.netbiome.eu.
(127) This assessment was performed for only seven ORs, because Mayotte and Saint Martin lack detailed specific information on impacts and
vulnerabilities.
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Disaster and risk

Water

Soil

Coastal zone
management

Biodiversity

Health

Waste

Transport

Construction
and buildings

Tourism

Energy

Fisheries and
aquaculture

Forestry

Risks and opportunities arising from climate change to the EU outermost regions by sector

Agriculture

Table 6.7

Guadeloupe
Martinique
French Guiana
Réunion
Canary Islands
Azores
Madeira

Note:

The colour coding of the cells in the risk matrix represents the following: red, high risk; orange, moderate risk; brown, low risk;
green, opportunity; grey, the risk is relevant to the sector but could not be assessed. Some sectors in some regions experience both risks
and opportunities.

Source:

EC, 2014a (Table 1).

Overseas countries and territories
The most recent overview of the potential climate
change impacts in OCTs is available from the OCTs
Environmental Profiles 2015, which comprise a main
report and five regional reports (EC, 2015a). These
reports highlight the wide range of observed and
projected climate change impacts across OCTs, which
reflect their climatic and environmental diversity.
A concise summary is available in the main report:
'Greenland, the British Antarctic Territory
and TAAF [French Southern and Antarctic
Territories] are well placed to study and
understand the effects of global climate
change. Ongoing processes in these territories
have worldwide impacts: changes in melting
of glaciers, sea ice extent, water mass

formation. Several OCTs are particularly
vulnerable to sea-level rise, and some effects
are already visible. Many OCTs lie on the path
of hurricanes and increased violence storms
are expected more frequently, but also changes
in precipitation patterns. Besides, changes
in ocean temperatures, salinity and currents
will bring changes in marine ecosystems,
endanger coral reefs which play a key role
in the physical defence and economies of
many territories, and have unpredicted
effects on fish stocks. Jointly, the OCTs have a
comparative advantage in studying first hand
these phenomena, and in testing adaptation
and mitigation measures that can then be
transferred to other neighbouring countries'.
(EC, 2015b, page 10)
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6.6

Vulnerability to climate change in urban regions

Key messages
• The climate resilience of Europe's cities, which accommodate almost three-quarters of the European population, is
decisive for their functioning and for Europe's growth, productivity and prosperity.
• Cities face specific climate threats. The urban heat island effect exacerbates the impacts of heat waves and is increasingly
also affecting cities in central and north-western Europe.
• Almost 20 % of the 411 cities that were considered were continuing to spread into areas potentially prone to river floods
during the period 2006–2009, thus increasing their sensitivity to the impacts of flooding.
• Urban sprawl with low-density housing has led to a growing intermingling of wild land and urban areas, which has
increased the risk of forest fires in many residential areas over recent decades, in particular around cities in Portugal,
Greece, southern France and Italy.
• European cities in general are less vulnerable to climate change than cities in other regions of the world owing to them
having a relatively high response capacity. However, further action is needed in line with the changing climate to sustain
this high degree of preparedness.

Cities are important for Europe. They accommodate
around three-quarters of its population and produce
a major proportion of Europe's wealth. Metropolitan
regions alone generate almost 70 % of Europe's GDP.
The proportion of the European population that is urban
is likely to increase further to 80 % by 2050 (EC, 2014).
Among other challenges, climate change impacts can
substantially affect the quality of life in and productivity
of cities. Well-functioning and climate-resilient cities are
therefore key for a climate-resilient Europe.

6.6.1 Climate risks to urban areas
While, in principle, cities face the same climate risks as
their surrounding regions (see Chapters 4 and 5), they
also face specific risks, which can be altered by urban
design.
The impact of heat waves is felt particularly intensely
in cities and towns. The 'urban heat island' (UHI) effect
increases the temperature of urban air compared
with the air of rural surroundings. The temperature
difference can be up to 10 °C (Oke, 1987). The UHI
effect is particularly significant at night, when high
temperatures are generally most problematic for human
health (Grinze et al., 2005). Zhou et al. (2013) found
that the effect is positively correlated with city cluster
size, but there are considerable deviations in size and
experience of UHI effect. This suggests that factors
other than size can influence the UHI effect, such as
topography, the form and size of green infrastructure,
building material or ventilation corridors. Furthermore,
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in terms of health effects, thermal comfort is more
relevant than air temperature. Outdoor thermal
comfort is linked to the UHI effect, but also depends
on wind speed, humidity and radiation, factors that are
influenced by urban design (van Hove et al., 2015).
Map 6.8 shows city-specific values of the outdoor
thermal comfort index, which combines air temperature,
the relative humidity of the air and average wind speed
(EEA et al., 2015). The average values for the current
period show that most cities in Europe experience nights
of thermal discomfort, in particular in the south. The
UHI effect causes a significant increase in the number
of nights of thermal discomfort compared to using
standard rural data without UHI correction (EEA, 2015).
The number of nights of thermal discomfort is projected
to increase, and the part of Europe where people
experience nights of thermal discomfort is projected
to extend further. A specific regional analysis for cities
in the Randstad area in the Netherlands (Amsterdam,
Rotterdam and The Hague) indicates that, even in cities
currently experiencing hardly any warm nights, heat
stress at night could add up to more than a month per
year in the period around 2050 (KPSA, 2014). As many
buildings in these cities are not yet adapted to keep the
heat out or cool effectively, indoor thermal discomfort
is likely to increase and could threaten people's health.
In addition, energy consumption for cooling might
increase.
A recent assessment in the EU RAMSES project
used heat wave risk scores that also included
socio-economic information to assess vulnerability.
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It suggested that cities at higher risk are mainly
located over the central continental European belt,
extending from central France to Romania and
Bulgaria, with a few higher risk cities also in the United
Kingdom, southern Greece and the Baltic countries.
Interestingly, the Mediterranean cities show medium
to lower levels of risk. These urban areas have
historically suffered recurrent heat wave episodes and
thus have already developed adaptation measures to
tackle heat waves (Tapia et al., 2015).
Higher temperatures, more sunlight and dry
conditions can also increase air pollutants such as

Map 6.8
-30°

PM and ozone, adding to health problems under heat
waves. Hot, dry summers with long-lasting periods of
high air pressure over large parts of Europe, such as
the 2003 heat wave, lead to elevated summer ozone
concentrations. Cities in the south of Europe are
already showing higher ozone levels and are expecting
further temperature increases in the future (see also
Section 5.2.4).
Owing to the high soil sealing in cities, any excess water
from extreme rainfall cannot drain into the ground and
instead is led into the sewage system. Sewage systems
are often not designed to take up these amounts of
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As a proxy for thermal comfort, the dots show the average number of nights of thermal discomfort occurring in the period from April to
September. Thermal discomfort is defined as the maximum effective temperature being above 21 °C at midnight (which is different from
air temperature), taking into account the UHI effect. The interactive version of this map, including additional layers, detailed technical
information and further thematic maps, can be found in the EEA map book on urban vulnerability (128).

Source:

Fischer and Schär, 2010; EEA, 2015; EEA et al., 2015.

(128) http://climate-adapt.eea.europa.eu/tools/urban-adaptation/introduction.
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water (Kaźmierczak and Cavan, 2011) and pluvial floods
develop. In many places, urban sprawl and densification
have increased the soil sealing and worsened the
situation, while the majority of sewage systems have
the same capacity as when they were designed some
100 years ago. Cities of high and low soil sealing can be
found in all regions, and do not cluster in a particular
region (Prokop et al., 2011; EEA, 2015). In most cities, the
level of soil sealing is between 40 and 60 %, with some
cities having soil sealing as high as 80 %. However, in the
short period from 2006 to 2009, a rapid increase in the
level of soil sealing of more than 0.5 % in almost half of
the 576 analysed cities has been observed. For 17 cities
in southern Europe, an extremely significant increase in
soil sealing of more than 2 % has been observed, while
only one city, Helsinki, showed a considerable decrease
(– 1.4 %) in soil sealing (EEA, 2015).
River and coastal floods are natural phenomena, but
a changing climate and sprawling cities are likely to

Map 6.9
-30°

increase the flood risk in Europe. Most cities in Europe
were built close to rivers or the coast owing to the good
transport connections. Map 6.9 shows the proportion
of urban area that will potentially be flooded in a 100year river flood event in the late 21st century (2071–
2100) (Rojas et al., 2012, 2013; EEA, 2015; EEA et al.,
2015). Most of the cities for which a high percentage of
their areas are at risk of river floods are found along
the Danube, Rhine, Rhône, Vltava-Elbe, Po and Vistula
rivers. The risk from river floods decreases for cities
in north‑eastern Europe and decreases partially in
the Iberian Peninsula (see Map 6.9). The cities at the
highest risk of coastal floods in the late 21st century,
driven by a combination of sea level rise and storm
surges, are along the North Sea coast in Belgium,
the Netherlands and Germany, as well as along the
Mediterranean coast of northern Italy. However,
the simulations underlying these projections do not
consider any flood protection in the form of dykes and
dams (EEA, 2015).

Urban area potentially affected by river flooding, 2071–2100
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The overall urban area is calculated as the Urban Morphological Zone based on Urban Atlas land-use data inside the city delineation
of Eurostat's Urban Audit database (EEA, 2015). The interactive version of this map, including additional layers, detailed technical
information and further thematic maps, can be found in the EEA map book on urban vulnerability (129).

Source:

Rojas et al., 2012, 2013; EEA, 2015; EEA et al., 2015.

(129) http://climate-adapt.eea.europa.eu/tools/urban-adaptation/introduction.
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Vulnerability increases not only because of climate
change but also because of socio-economic change.
Until 2050, urbanisation levels in Europe will increase
and the urban population is projected to grow, in
particular in north-western Europe but also in parts
of the southern Mediterranean (see also Section 6.1),
namely the regions where the majority of Europeans
already live, according to the SSP2 'middle of the road'
storyline (O'Neill et al., 2015). This will result in higher
urban vulnerabilities owing to more city residents being
affected by urban climate change. Substantial growth
is also expected in the northern Europe and Arctic
regions, but starting at lower population levels, while
for central and eastern Europe, the projections foresee
population declines. Urban sprawl and densification
have happened in low-lying areas that are potentially
flood-prone. Almost one-fifth of the 411 cities in Europe
that were considered have been found to be increasing
their urban land use in areas already potentially prone
to river floods by values between 10 and 70 % between
2006 and 2009 (EEA, 2015, with content updated in

Map 6.10
-30°

2016). With these increasing assets, the sensitivity to
flood impacts has grown, even if the probability of
flooding is low, owing to dikes and flood walls.
Urban sprawl with low-density housing had also led to
a growing intermingling of wild land and urban areas,
which has increased the risk of forest fires in many
residential areas over recent decades. Beyond the
burned area, the population is threatened by smoke
and ash. For example, forest fires in Greece in 2007
caused thousands of people to lose their homes (Bassi
and Kettunen, 2008). The largest proportion of people
and residential areas that are vulnerable to fire are in
southern European countries. All Portuguese cities have
a high percentage (> 16 %) of residential areas that are
at high direct risk of fire. Areas in southern France and
Greece present the same pattern, while in southern Italy,
the situation is more variable (see Map 6.10, which is
based on the combination of relevant (peri-)urban areas
and the burnt area perimeter). Commercial areas in
cities appear to be less vulnerable than residential areas.
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The interactive version of this map, including additional layers, detailed technical information and further thematic maps, can be found
in the EEA map book on urban vulnerability (130).

Source:

Camia et al., 2008; EEA, 2015; EEA et al., 2015; JRC, 2015.

(130) http://climate-adapt.eea.europa.eu/tools/urban-adaptation/introduction.
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Demographic trends can also affect cities' vulnerability
to climate impacts. In general, the elderly are more
sensitive to a variety of climate-related stressors:
extreme weather events (Fernandez et al., 2002;
Brooks et al., 2005), high temperatures and the
resulting mortality and morbidity (Huynen et al., 2001;
Kovats and Hajat, 2008) and respiratory problems
related to forest fires (Johnston et al., 2012). The
proportion of elderly people in cities is highest
in the area extending from Italy to Germany and
into northern Spain. In Belgium and Germany, the
proportion of elderly people in cities is usually similar
to the proportion of elderly people elsewhere in the
country, whereas cities in northern Italy tend to have
higher proportions of elderly people in cities than the
country average. For other countries, such as Bulgaria,
France, Romania, southern Spain and the United
Kingdom, the proportion of elderly people in most
cities is lower than the country average (EEA, 2012,
2015). The projected trend of a continuously ageing
European population with particularly high ageing
levels in eastern Europe (see Section 6.1) is very likely
to apply to cities as well. Therefore, the vulnerability to
climate change is likely to further increase.
Additional factors also contribute to the climate
vulnerability of cities. Of particular relevance are
communities with low socio-economic status and
social inequity (Kaźmierczak and Cavan, 2011).
Comparative data for cities on a European level are,
however, scarce.

6.6.2 Response capacity
Cities across Europe are differently prepared for
climate change. Differences in the many economic,
technological, institutional and social factors influence
the capacity of cities to adapt to climate challenges.
Knowledge, values and perceptions pose social limits
to adaptation and can severely increase vulnerability,
but they are also mutable (Adger et al., 2008). Being
unaware of or neglecting risks, or not having the
knowledge of how to prepare themselves leaves
people, businesses and infrastructures unprotected
and more vulnerable to climate change and extreme
weather events. The map book on urban vulnerability
shows different maps with the different factors
affecting the generic response capacity (trust,
education, socio-economic status, commitment of city

(131)
(132)
(133)
(134)
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administrations) per city (EEA, 2015). The link between
such generic categories and the response capacity is,
however, indirect and resources are not always used
to their full potential.
Knowledge and funds for initiating adaption action
are generally available for cities in Europe. However,
the distribution and presentation of knowledge are
not always tailored to local stakeholders' needs, which
act together with constrained capacities in terms of
staff and skills in a number of local governments, to
limit the access to and application of the available
knowledge and funding. Effective governance is key
to overcoming these barriers. This includes horizontal
governance in cities that builds on synergies and uses
expertise and capacities in related policy areas, as well
as complementary action from regional and national
governments, the EU and other organisations. These
can create a supportive legislative, institutional and
financial framework and provide knowledge, such
as the EU initiatives and programmes Covenant of
Mayors for Climate and Energy/Mayors Adapt (131),
LIFE+ (132), Horizon 2020 (133) and ESI Funds (134), among
others (EEA, 2012, 2016; Revi et al., 2014).
A variety of response options exist; for example,
spatial planning can constrain urban sprawl, and
urban design and building regulations can support
building more climate resilience. Green infrastructure
(green areas, green facades, roofs, trees) help to cool
cities and drain excess rain water after cloudbursts.
Green infrastructure is a key element in adapting
cities to climate change, as it provides multiple
additional benefits, such as recreational areas, higher
attractiveness of the city, health, quality of life, etc.
(Bowler et al., 2010; Steeneveld et al., 2011; Rahman
et al., 2013). On the other hand, the compact city
model is a planning paradigm for many sustainable city
approaches. It enables a higher efficiency of energy use
and transport, but leaves less space for green urban
areas. Thus, an intelligent urban design that uses every
available space for green infrastructure is necessary.
Many climate change impact problems cannot
be solved at the city scale. In particular, flooding,
droughts and forest fires, as well as heat, require joint
approaches with the surrounding sub-urban and rural
areas. For example, if the retention area upstream is
limited, the pressure on dikes downstream under a
flooding event will be even higher (see Box 6.3).

http://mayors-adapt.eu.
http://ec.europa.eu/environment/life.
https://ec.europa.eu/programmes/horizon2020.
https://www.fi-compass.eu/esif/european-structural-and-investment-funds-esif.
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From a global perspective, cities in developed countries
such as those in Europe are relatively well prepared
to cope with most of the current impacts of climate
owing to well-established infrastructures, standards,
emergency services, access to knowledge, etc. However,

Box 6.3

climate change requires major upgrades as well as
transformational adaption measures, and only a few
cities already have the capacity to do this (UN-HABITAT,
2011; Revi et al., 2014).

The need for regional or international management of urban flood risks

The city of Vac (Hungary) faces severe flooding challenges almost every four years. Flooding is not only a result of
increasingly severe impacts of climate change, but is also caused by the construction of flood defences in cities located
upstream from Vac in Slovakia, Austria and Germany, which in turn intensifies flooding in Vac (Mabey et al., 2014).
The Dutch river region manages the flood risk in a regional approach with more than 30 projects distributed over the region
that work together to reduce the flood risk (EEA, 2014; Ruimte voor de Rivier, no date).
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Key messages
• The length of the time series, the geographical coverage and the quality of climate change data and indicators have
improved over the past years owing to European and global efforts such as the Global Climate Observing System.
Atmospheric and ocean observations are well developed, but an integrated approach to terrestrial observations is still
lacking.
• Climate change impact indicators have also improved over the past years at EU and national levels, and many countries
have performed impact, vulnerability, risk and/or adaptation assessments. Improvements in such assessment are
feasible, e.g. by better addressing indirect effects of climate change. Furthermore, there are no agreed common methods
for indicator sets across Europe, which makes it difficult to compare information from different countries. It can be useful
to explore how existing thematic and sectoral EU legislation and policies could be used to improve climate change impact
data and indicators.
• Climate change services are emerging at both national level and EU level (Copernicus). These services provide climate
data and information, such as essential climate variables, reanalyses, observations, seasonal forecasts and long-term
projections. Emerging adaptation services provide complementary information, e.g. on vulnerability and cost–benefit
assessments, policies, tools and case studies. Climate change services and adaptation services are expected to become
increasingly integrated in the future, thereby delivering the services needed by the intended users.
• An increasing number of countries, and also city networks, are developing systems for monitoring, reporting and
evaluating adaptation policies. An approach that combines quantitative indicators and qualitative information (including
process-based indicators) can be a strong basis for assessments. Only a few countries have so far established such
approaches.
• The European Commission has developed a process-based 'adaptation preparedness scoreboard' to assess the progress
made by Member States, which will be included in its evaluation of the EU Strategy on adaptation to climate change, due
to be published in 2018. There is an increasing need to complement this scoreboard with quantitative information at the
EU level.
• Within the Sendai Framework for Disaster Risk Reduction, the finalisation of a set of indicators to measure the progress
of its implementation is planned by the end of 2016. Countries, including EU Member States, need to establish national
databases of the impacts of disasters on ecosystems, human health and the economy. The Sendai Framework indicators
for weather- and climate-related hazards are expected to be relevant and useful for climate change adaptation.
• Knowledge gaps identified by the European Commission and countries include gaps in our knowledge on national and
sectoral impact, vulnerability and adaptation assessments; economic damages and losses; the costs and benefits of
adaptation; adaptation services; interdependencies, synergies and trade-offs; and the monitoring of systems and tools.
• EU-funded research (in particular through Horizon 2020) and national research may address adaptation knowledge gaps,
while Horizon 2020 is specifically designed to also stimulate innovation.
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This chapter provides an overview of climate change
observations, data and services at global and European
levels, including the Copernicus climate change service,
which was launched in 2015, and the expected products
and services that may help to improve indicators
on climate change (Section 7.1). It covers climate
change impacts, partly based on information provided
in Chapters 4 and 5 (Section 7.2). It furthermore
addresses the emerging need for monitoring and
evaluation of adaptation policies and the required
data and knowledge base (Section 7.3). Other relevant
EU indicator frameworks are also presented and their
relevance for adaptation is discussed (Section 7.4).
In addition, the chapter provides a short overview of
the knowledge gaps on climate change adaptation
(Section 7.5) and how these may be addressed through
climate change impacts, vulnerability and adaptation
research in Europe, such as that funded through
Horizon 2020, the EU financial instrument on future
research and innovation (Section 7.6).

7.1

Climate change data and services

7.1.1 Global activities
There are various ongoing efforts to improve the
monitoring and availability of data related to climate
change at the global level.
The Global Framework for Climate Services (GFCS) (135)
provides a worldwide mechanism for coordinated
actions to enhance the quality, quantity and application
of climate services. Its primary focus is to improve
access to and the use of climate information by users.
The framework addresses needs at three spatial scales:
global, regional and national. It gives high priority to
the needs of climate-vulnerable developing countries.
Meeting the full observational needs of the GFCS would
involve substantial investment in establishing and
strengthening national climate observing networks in
most countries. The WMO, its member countries and
other partners have developed an implementation plan
and governance structure for the framework.
The Global Climate Observing System (GCOS, 2010a)
supports the objectives of the GFCS and is intended to
be a long-term, user-driven operational system capable
of providing the comprehensive observations required
for:
•

monitoring the climate system;

•

detecting climate change and attributing causes;

•

operational climate prediction on seasonal-todecadal timescales;

•

assessing the impacts of, and supporting adaptation
to, climate variability and change;

•

application and services for sustainable economic
development;

•

research to improve the understanding, modelling
and prediction of the climate system;

•

meeting the requirements of the UNFCCC and other
international conventions and agreements.

GCOS has identified 50 essential climate variables
(Bojinski et al., 2014) that are technically and
economically feasible for systematic observation
and that are required to support the work of the
UNFCCC and the IPCC (see also Table 7.1). The
GCOS Implementation Plan 2010–2015 (GCOS,
2010b) described the path towards an integrated
observing system that depends upon both in situ and
satellite‑based measurements.
A 2015 report (GCOS, 2015) shows how well climate is
currently being observed, where progress has been
made and where progress is lacking or deterioration
has occurred. It reviewed overarching and cross‑cutting
topics, observing networks (using both in situ or other
non-space-based measurements and space‑based
measurements) and the observational status of
each essential climate variable separately for the
atmosphere, ocean and land. It concluded that
improvements in many areas were made over recent
years, but also that much remains to be done.
Atmospheric observation is the best developed type of
observation, with relatively dense, although far from
gap-free, networks, clear observational standards,
largely open data exchange and international data
centres covering most, if not all, variables, and it
continues to be refined.
Ocean observation has developed quickly, with
international planning and implementation of
observational networks, and new technologies that
enable more and better autonomous data collection.
Terrestrial observations have traditionally been made
on smaller scales, with different standards and methods
in different countries. They also have a poor history of
open data exchange. Space-based observation is now
providing global coverage of an improving quality for a

(135) http://www.gfcs-climate.org.
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number of variables, increasingly with open data access,
and there is progress in other areas, through global
networks for glaciers and permafrost, for example.
Standards, methods and data exchange protocols
for key hydrological variables have been developed.
An integrated approach to terrestrial observation
is still lacking, however. GCOS is developing a new
implementation plan, due to be published in 2016,
describing further actions that are needed in the coming
years.

remote-sensing of atmospheric composition have
been established or significantly expanded in
recent years.
•

Fewer observations have been provided recently by
some atmospheric composition and marine buoy
networks.

•

Surface meteorological measurements from ships
have declined in number over the major parts of
ocean basins, but have increased near coasts.

Specific conclusions from the report include the
following for the in situ and other non space-based
components of the observing system:

•

Some gaps in the coverage of networks over land
have been reduced.

•

The performance of the Argo network and its floats
in profiling temperature and salinity has been
outstanding. The network is now expanding into
marginal seas and high latitudes.

•

The recovery of historical data has progressed well
in some respects, but is still limited in extent and
hampered by restrictive data policies.

•
•

There have been improvements in the coverage
and quality of measurements for a number of
more established in situ networks, including the
main meteorological networks.

The generation of data products, for example
on surface air temperature, humidity and
precipitation, continues to improve.

•

Sustaining observing system activities that are
initiated with short-term research funding is a
recurrent issue.

•

Several oceanic and terrestrial networks making in
situ measurements and networks for ground‑based

Table 7.1

Atmospheric

Essential climate variables that are currently feasible for global implementation and
addressing UNFCCC requirements
Air temperature, wind speed and direction, water vapour, pressure, precipitation, surface
Surface: (a)	
radiation budget
Temperature, wind speed and direction, water vapour, cloud properties, Earth radiation
Upper air: (b)	
budget (including solar irradiance)
Carbon dioxide, methane, other long-lived greenhouse gases (c) ozone and aerosol
Composition: 	
supported by their precursors (d)
Sea surface temperature, sea surface salinity, sea level, sea state, sea ice, surface current,
Surface: (e)	
ocean colour, carbon dioxide partial pressure, ocean acidity, phytoplankton

Oceanic

Temperature, salinity, current, nutrients, carbon dioxide partial pressure, ocean acidity,
Sub-surface:	
oxygen, tracers
Terrestrial

		
River discharge, water use, groundwater, lakes, snow cover, glaciers and ice caps, ice

sheets, permafrost, albedo, land cover (including vegetation type), fraction of absorbed
photosynthetically active radiation, leaf area index, above‑ground biomass, soil carbon,
fire disturbance, soil moisture

Note:

(a) Including measurements at standardised but globally varying heights in close proximity to the surface.
(b) Up to the stratopause.
(c) Including N2O, chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), sulphur hexafluoride (SF6), and perfluorocarbons
(PFCs).
(d) In particular NO2, sulphur dioxide (SO2), formaldehyde (HCHO), and carbon monoxide (CO).
(e) Including measurements within the surface mixed layer, usually within the upper 15 m.

Source:
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The report concludes the following for space-based
components of the observing system:
•

The newer and planned generations of operational
meteorological satellite systems offer improved
quality and a broader range of measurements.

•

The European Copernicus programme (see
Section 7.1.2) is placing additional types of
observation on an operational basis, with
increased coverage and quality of measurements,
and accompanying service provision.

•

There have been increases in the numbers of
national providers, cooperative international
missions and other collaborative arrangements.

•

The generation and supply of products derived
from space-based observations have progressed
well.

•

Data access is becoming more open, although
there is still progress to be made. Some data
remain to be recovered from early missions,
and long-term preservation of data, including
occasional reprocessing, is not yet fully ensured.

Regarding essential climate variables (e.g. for the
atmosphere and cryosphere), the conclusions from
GCOS as presented in this section are also relevant for
and applicable to Europe.

7.1.2 Copernicus climate change service
Copernicus is the European Union Earth observation
programme designed to provide uninterrupted,
independent and accurate data and information on
environmental and security matters for Europe. The
regulation establishing the 'Copernicus' programme
was approved and entered into force in April 2014
(EU, 2014c).
The Copernicus Climate Change Service (C3S) (136)
provides access to information for monitoring and
predicting climate change and will, therefore, help to
support adaptation and mitigation. It benefits from
a sustained network of in situ and satellite-based
observations, reanalysis of the Earth's climate, and
modelling scenarios based on a variety of climate
projections.
The launch in April 2014 of Sentinel-1A saw the first
spacecraft out of a series of six so-called Sentinel

families to go into orbit, all of which should be
operational by around 2022. It was followed by the
launch of Sentinel-2A in June 2015. The European
Space Agency (ESA) is responsible for developing the
Sentinels on behalf of the European Union; operation
will be shared with the European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT),
while other institutions provide products and services
based on the data from these and complementary
satellites.
The service will provide access to several climate
indicators (e.g. temperature increase, sea level rise,
ice sheet melting and warming of the ocean) and
climate indices (e.g. based on records of temperature,
precipitation and drought events) for both the identified
climate drivers and the expected climate impacts. Time
scales will range from decades to centuries (i.e. based
on the instrumental record). The service will maximise
the use of past, current and future Earth observations
(from both in situ and satellite observing systems)
in conjunction with modelling, supercomputing and
networking capabilities. This conjunction will produce a
consistent, comprehensive and credible description of
the past, current and future climate.
In November 2014, the European Commission signed
a Delegation Agreement with ECMWF (European
Centre for Medium-Range Weather Forecasts) for
the implementation of the service. The first stage of
implementation will be dedicated to the so called 'proof
of concept' (2015–2016), that is, capacity-building and
testing of the overall architecture. The pre-operational
stage will be in 2017, while the operational stage
(phase 1) is planned to be reached in 2018.
The portfolio of service products will include:
•

consistent estimates of multiple essential climate
variables;

•

global and regional reanalyses (covering a
comprehensive Earth system domain: atmosphere,
ocean, land, carbon);

•

products based on observations alone (gridded,
homogenised station series and reprocessed climate
data records);

•

a near-real-time climate monitoring facility;

•

multi-model seasonal forecasts;

•

climate projections at global and regional scales.

(136) http://www.copernicus.eu/main/climate-change and https://climate.copernicus.eu.
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The aim is to support adaptation and mitigation
policies in Europe in a number of sectors, including
water management, agriculture, forestry, tourism,
insurance, transport, energy, human health,
infrastructure, disaster risk reduction and coastal
areas. By providing datasets, tools and best practices
in a free and open way, 'downstream services' are
expected to be developed in various thematic areas.
The service will be delivered through a climate data
store, a sectoral information system, an evaluation
and quality control function, and an outreach and
dissemination platform.
The climate data store will contain a series of
geophysical climate variables and specific indicators
related to climate change (observed, reanalysed
and simulated), needed to monitor both drivers and
impacts of climate change. Essential climate variables
and climate data records will be part of the store, as
well as the derived climate change indicators. The
sectoral information system will contain information
tailored to fit the needs of end users and customers of
the service for various EU sector-specific policies (see
Chapter 2). The evaluation and quality control function
will assess the technical and scientific quality of the
service, including the value to users. It will ensure
that information is fully traceable and adequately
documented, and that sufficient attention has been
given to the assessment of uncertainties. The sectoral
information system is expected to help improve the
quality and availability of indicators on climate change
and impacts at the European scale, specifically for
the sectors to be covered in the various phases of the
service.
C3S is expected to become an important information
source for several of the indicators that are included in
this report. It will also be linked to the Climate‑ADAPT
platform. The EEA and ECMWF are discussing how
best to establish collaboration in future.

7.1.3 Climate change adaptation services
Climate change adaptation services have so far been
developed and implemented differently from climate
change services. Climate change services have thus
far focused primarily on providing climate information
(and to some extent have included impacts), while
adaptation services (such as Climate-ADAPT at the
EU level) so far have provided broader information
including vulnerability and risk assessments,
adaptation strategies and options, case studies and
policy frameworks. Thus, these types of services can
be regarded as complementary.
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The recent (2015) 'European research and innovation
roadmap for climate services' uses a broader definition
and scope (Street et al., 2015). Climate change services
and adaptation services are expected to become
increasingly integrated in the future, thereby delivering
the services needed by the intended users (see also
Section 7.6).
An increasing number of adaptation platforms (or
services) have emerged over the past years, which
are described and analysed in an EEA technical
report (EEA, 2015b). In 2015, there were adaptation
platforms in place at the national level in 14 EEA
member countries, as well as platforms at the
transnational level for the Alpine region and the
Pyrenees, and at EU level (Climate-ADAPT). The scope
of the platforms varies, and many are linked directly
to the implementation of national strategies and/or
action plans. The type of information that appears
most often includes policy action at transnational,
national and sub-national levels, scientific research
output, guidance, decision-support tools, and
experiences from practice and implemented
adaptation measures. The implementation and
evaluation of national adaptation strategies and also
the EU Strategy will probably enlarge the scope of
the platforms. The need for relevant information
and knowledge at the city level will increase. A lot
of new information will become available from
national- and EU-funded research (Horizon 2020). It
will be a challenge to update platforms accordingly,
while maintaining appropriate quality control, and
selecting the information that is most relevant for
users. Experiences from practice and implemented
adaptation measures are expected to receive
increasing attention. Enhancing user engagement is
key, as the relevance and usability of the platform
are strongly linked to the successful uptake of the
information that it provides.

7.2

Climate change impacts

The availability of data on the monitoring of the impacts
of climate change on environmental systems, society
and economy is presented in Chapters 4 and 5 of this
report. Here, an overview and analysis is provided.

7.2.1 National assessments
The knowledge base on climate change impacts and
vulnerability across Europe has increased over the past
years owing to enhanced and/or continued monitoring
and EU and national research projects. A range of
countries have developed national impact, vulnerability
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and/or risk assessments (EEA, 2014). Agriculture,
water, forestry, human health and biodiversity are the
sectors most frequently considered in assessments.
Various countries report that an update of the national
assessments has begun. A wide variety of methods
were used, including qualitative and quantitative
methods. Although many climate change hazards are
similar, there are so far no agreed common methods
for impact and/or vulnerability indicator sets across
Europe.

7.2.2 Cryosphere
Snow and ice cover have been monitored since satellite
measurements started in the 1970s. Improvements
in technology have allowed for more detailed
observations and higher resolution. High-quality longterm data are also available on glaciers throughout
Europe. Direct historical area-wide data on the
Greenland and Antarctic ice sheets are available for
about 20 years, but reconstructions give a 200 000-year
perspective.

7.2.3 Oceans, the marine environment and coasts
Changes related to the physical and chemical
marine environment are well documented, and
often time series of these observations are longer
than for biological changes. For example, systematic
observations of both sea level and sea surface
temperature began around 1880. In recent years, these
have been complemented by observations from space
and by Argo floats that at the same time automatically
measure temperature and salinity below the ocean
surface. The longest available time series of plankton
(about 60 years) is from the Continuous Plankton
Recorder..
The rate of ocean acidification and the biological
consequences of this on a global scale need to be
further monitored and researched. The understanding
of how climate change, in combination with synergistic
impacts from multiple stressors, can cause systemic
shifts is improving, but additional research is still
needed to untangle the complex interactions and
their effects upon biodiversity. Similarly, ecological
thresholds for individual species are still only
understood in hindsight, i.e. once a change has
occurred.

(137)
(138)
(139)
(140)

Reporting under relevant EU legislation and policies,
including the Marine Strategy Framework Directive
(EC, 2008), has improved data availability and is expected
to further enhance the knowledge base in the future.

7.2.4 Water (water quality, floods, water scarcity and
droughts)
The main data sources for Europe-wide studies of the
impacts of river floods and river droughts are global
databases, in particular EM-DAT by CRED (137), which
focuses on the impacts on human health, and the
NatCatSERVICE by Munich RE (138), which focuses on
economic damage costs. These databases are compiled
from various sources. The differences in definitions,
thresholds, classification criteria and reporting
approaches are to be taken into account when
interpreting the data. Over recent years, these global
databases have been harmonised, but some important
differences remain.
Data on the impacts of floods since 1980, as reported
within the preliminary flood risk assessments by EU
Member States (that were due to be undertaken
by 2011 under the EU Floods Directive), have been
collected and published by the EEA (EEA, 2016a).
However, time series are not complete and are difficult
to compare across countries. The JRC (139) has reviewed
the status and best practices of disaster loss data
recording and prepared guidance for EU Member
States, in close collaboration with various Member
States. This is expected to help in improving the
comparability and consistency of data on the impacts
of floods.
Regarding water scarcity and droughts, the EEA is
revising the water exploitation index (EEA, 2016b) so
that it will be calculated based on the level of river
basins instead of on the administrative boundaries of
countries. The JRC maintains the European Drought
Observatory (140) for forecasting, assessment and
monitoring. However, despite such activities, there is
currently no systematic, comprehensive record of such
events in Europe describing their duration, impact
and severity, other than meteorological time series for
precipitation.
Data and research projects are available regarding
water temperature and the impacts of climate change
on freshwater ecosystems and water quality.

http://www.emdat.be.
http://www.munichre.com/en/reinsurance/business/non-life/natcatservice/index.html.
http://drr.jrc.ec.europa.eu.
http://edo.jrc.ec.europa.eu.
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Reporting under relevant EU legislation and policies,
including the Water Framework Directive and the Floods
Directive, has improved data availability and is expected
to further enhance the knowledge base in the future
(see also the Water Information System for Europe (141)).

7.2.5 Terrestrial biodiversity and ecosystems
Quantitative information on past trends and impacts
of climate change, specifically on soil and the various
related feedbacks, is very limited. Europe-wide soil
information is absent and there is a need to establish
harmonised monitoring networks.
Generally, observations for popular species groups
such as vascular plants, birds, other terrestrial
vertebrates and butterflies are much better than for
those for less conspicuous and less popular species.
Phenological changes are better observed and
recorded than range shifts. However, for most cases,
only a few years of phenological data are available,
and these do not cover the entire area of the EU but
are restricted to certain well-monitored countries. One
of the greatest unknowns is how quickly and closely
species will alter their phenology.
In addition, the data for range shifts is better for
popular groups of species than for other species.
There are large regional differences in the quality
of observational data, with better data generally
available in northern and western Europe than in
southern Europe.
Reporting under relevant EU legislation and policies,
including the Habitats Directive, the Birds Directive
and the 2020 Biodiversity Strategy, has improved data
availability and is expected to further enhance the
knowledge base in the future (see also the Biodiversity
Information System for Europe (142)).

7.2.6 Human health
The attribution of health effects to climate change
is difficult owing to the complexity of interactions
and the potentially modifying effects of a range
of other factors (such as land-use changes, public
health preparedness and socio-economic conditions).
The monitoring of climate-sensitive health effects

(141)
(142)
(143)
(144)
(145)
(146)
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is currently fragmentary and heterogeneous. In
the absence of reliable time series, more complex
approaches are often used (e.g. in EU research
projects) to assess the past, current or future impacts
of climate change on human health.
The WHO has some data and information available (143),
while the ECDC assesses the effects of climate change
on infectious diseases and has also established a
pan-European Union network dedicated to vector
surveillance (144). Such activities of the WHO and the
ECDC could enhance the knowledge base in the future.
Relevant EU legislation includes the third EU health
programme, 2014–2020 (EU, 2014b), which addresses,
among other things, serious cross-border health threats.

7.2.7 Agriculture, forestry and fisheries
The effects of climate change on the growing season
and crop phenology can be monitored directly. There
is no common monitoring network for crop phenology
in Europe, and data on this therefore have to be based
on various national recordings. Crop yield and crop
requirements for irrigation are affected not only by
climate change, but also by management and a range
of socio-economic factors. The effects of climate
change on these factors therefore have to be estimated
indirectly using agrometeorological indicators and
through statistical analyses of the interactions between
climatic variables and factors such as crop yield.
Agri-environmental indicators track the integration of
environmental concerns into the CAP at EU, national
and regional levels (145). The European Commission
proposed a set of 28 agri-environmental indicators,
which are maintained by Eurostat, in collaboration
with the EEA and other partners. Some of these
indicators are potentially relevant for climate
change and, thus, these indicators may enhance
the knowledge base in the future. Eurostat has
also performed a survey on agricultural production
methods, including data on, for example, tillage
methods and soil conservation, which can also be
relevant for climate change.
Eurostat collects data on forests from Member States,
in collaboration with the United Nations Economic
Commission for Europe (UNECE) and the FAO (146). The
data collected include, for example, the net annual

http://water.europa.eu.
http://biodiversity.europa.eu.
http://www.euro.who.int/en/health-topics/environment-and-health/Climate-change/data-and-statistics.
http://ecdc.europa.eu/en/healthtopics/climate_change/pages/index.aspx.
http://ec.europa.eu/eurostat/web/agri-environmental-indicators/overview.
http://ec.europa.eu/eurostat/web/forestry/overview.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

Strengthening the knowledge base

increment in the forests available for wood supply
and the production of round wood. Global Forest
Resources Assessments are produced every five years
(FAO, 2016), and similar reports are also produced
for Europe by UNECE/FAO, with the latest report
being from 2015 (UNECE and FAO, 2015). The JRC (147)
collects and assesses data on forest disturbances
(including fires), forest ecosystem services, forests
and the EU bio-economy, and forests and climate
change. The final category includes data on tree species
distributions, tree species habitat suitability, forest
type habitat suitability, and habitat suitability under
scenarios of climate change.
The EU Common Fisheries Policy (148) includes fisheries
management and aims to achieve maximum sustainable
yields for all stocks by 2015 where possible, and at the
latest by 2020, and to reduce unwanted catches and
wasteful practices to the minimum, or to avoid them
altogether, through the gradual introduction of a landing
obligation. A Data Collection Framework (149) is in place,
managed by the JRC. In addition, Eurostat collects data
on fisheries (150). These data include catches, landings
and discards, and some of the data are potentially
relevant for climate change adaptation.

7.3

Climate change adaptation
monitoring, reporting and evaluation

The interest in monitoring, reporting and evaluation
(MRE) of adaptation policies and actions has grown
during the past years at the global, EU and national
levels. The EEA recently published the report 'National
monitoring, reporting and evaluation of climate change
adaptation in Europe' (EEA, 2015a). This report covers,
among other things, the development and publication
of the EU Strategy on adaptation to climate change and
the growing number of countries that are developing
adaptation strategies and have begun to implement
adaptation actions. The demand to understand if these
strategies and actions work (or not), in which contexts
and why has increased.

7.3.1 National monitoring, reporting and evaluation
of adaptation
The EEA 2015 report uses the following definitions.
Monitoring is defined as: 'to keep track of progress
made in implementing an adaptation intervention

(147)
(148)
(149)
(150)

by using systematic collection of data on specified
indicators and reviewing the measure in relation to its
objectives and inputs, including financial resources.'
Evaluation refers to 'a systematic and objective
assessment of the effectiveness of climate adaptation
plans, policies and actions, often framed in terms of
the impact of reducing vulnerability and increasing
resilience'.
MRE at the national level is challenging owing to many
factors, including long time scales, uncertainty, shifting
baselines and contexts, unclear and multiple policy
goals and objectives, a lack of a causal link between
policies and indicators, the diversity of key concepts
and definitions, a lack of appropriate data, and
resource constraints.
Despite these challenges, 14 EEA member countries
have MRE approaches in place or are developing
these. For most of these countries, the main aim is to
monitor and report on the progress achieved in the
implementation of actions and policies included in
NASs or NAPs. Only a few countries are in the stage of
evaluation, and one of the main reasons for this is that
adaptation is still a new policy area in most countries.
The following types of adaptation indicators are in
place or are being developed by countries:
•

a process-based approach defines the key stages
in a process that could realistically be expected to
contribute to positive adaptation outcomes, without
specifying those outcomes at the outset;

•

an output-based approach follows the direct results
of an adaptation policy or action, without assessing
if these results actually lead to better adaptation
outcomes;

•

an outcome-based approach seeks to define an
explicit outcome, or result, of the adaptation
action, indicating reduced vulnerability or increased
adaptive capacity.

The EEA 2015 report shows that, in most countries
with MRE approaches in place, they are process‑based
approaches. Some countries assess changes in
vulnerability or adaptive capacity, in either qualitative
or quantitative ways. There is a need for further
development of methodologies that can be used
across countries. The report concludes that a 'mixed

http://forest.jrc.ec.europa.eu.
http://ec.europa.eu/fisheries/cfp/index_en.htm.
http://ec.europa.eu/fisheries/cfp/fishing_rules/data_collection/index_en.htm.
http://ec.europa.eu/eurostat/statistics-explained/index.php/Fishery_statistics.
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methods' approach, which combines quantitative
(including indicators) and qualitative information
(including process-based indicators), provides a
strong basis for assessing adaptation progress and
performance. So far, only a few countries have
developed such 'mixed methods' approaches. The
indicators developed in these countries measure the
trends in changes to exposure and vulnerability over
time, and the observed impacts. It can be expected
that, in the future, an increasing number of countries
will develop 'mixed methods' approaches and sets of
adaptation indicators, while taking into account the
national context, including, in particular, resource and
data availability.

7.3.2 EU activities on tracking progress on adaptation
At the EU level, the EU Strategy on adaptation to
climate change mentions that 'In 2017, based on the
Member State (MS) Monitoring mechanism reports
(due March 2015) and on an "adaptation preparedness
scoreboard", identifying key indicators for measuring
Member States' level of readiness, the Commission
will assess whether action being taken in the Member
States is sufficient.'
To meet this goal, the European Commission in 2015
developed a draft scoreboard in consultation with
Member States. It consists of 33 questions covering
various domains of relevance, which are grouped
into 'performance areas' and subsequently into the
'five steps' of adaptation policymaking: (1) preparing
the ground for adaptation, (2) assessing risks and
vulnerabilities to climate change, (3) identifying and
assessing adaptation options, (4) implementing
adaptation action and (5) monitoring and evaluation of
adaptation activities.
The European Commission will, where needed, improve
the structure and questions in the scoreboard in 2016
and prepare scoreboards for each EU Member State
in 2017–2018. The scoreboard will constitute the EU
approach to a 'process-based' monitoring system.
So far, very few quantitative 'adaptation indicators'
are available at the European level. This is mainly
because an understanding of the different types and
purposes of adaptation indicators at the national level
has only very recently emerged, and collecting and
analysing data at the national level is a very complex
and resource-intensive activity, which begun only
recently. It can be expected that the need will increase

in the future for quantitative adaptation indicators
at the EU level as part of a mixed approach including
process‑based indicators.
The Mayors Adapt/Covenant of Mayors (151) initiative
was initiated in 2015 in order to consider how to
develop a monitoring and reporting approach for cities,
in consultation with interested cities. The focus so
far has been on process-based approaches. In 2016,
further discussions will be held, leading potentially to
an agreed approach to be implemented afterwards by
all signatory cities.

7.4

Other relevant global and EU
indicator sets

At the global level and in the EU, various indicator
sets exist or are being developed for different policy
purposes. The extent to which climate change impact,
vulnerability and adaptation aspects have been taken
into account in most of these initiatives has so far been
limited, but this is changing owing to various policy
developments in recent years.

7.4.1 Disaster risk reduction and sustainable
development
At the global level, an intergovernmental expert
working group under the Sendai Framework for
Disaster Risk Reduction was established for the
development of a set of possible indicators to
measure global progress in the implementation of
the framework (UN, 2015); its work will be completed
by December 2016. The draft proposals developed
during 2015–2016 contain details of many quantitative
indicators that aim to measure progress towards
achieving the seven targets set in the framework
(PreventionWeb, 2016) (see also Section 2.1.2).
Countries need to establish new or improve existing
national disaster loss databases to be able to record
data, which are needed for many of the proposed
indicators, and report these to the United Nations
Office for Disaster Risk Reduction (UNISDR). The data
and indicators collected within the Sendai Framework
are expected to also be very relevant for climate
change adaptation, in particular regarding the hazards
related to weather and climate change. The Sendai
Framework also applies to EU Member States, but it is
not yet fully clear what the implications are for current
EU legislation on civil protection and on the reporting of
data by EU Member States to UNISDR.

(151) http://mayors-adapt.eu.
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The EU's civil protection legislation (EU, 2013a) is
preparing the ground for a more resilient European
society by developing national risk assessments and
refining risk management planning. As of 2015, all
Member States need to report their risk assessments
and risk management capabilities to the European
Commission at three-year intervals.
As mentioned above, the JRC has reviewed the status
and best practices of disaster loss data recording and
prepared guidance for EU Member States and, in 2016,
these activities will be integrated into an EU Disaster
Risk Management Knowledge Centre (152). Currently, no
comparable EU data exist on the impacts of disasters,
but in the future all EU Member States should have
comparable data and, thus, EU indicators on disaster
impacts (economic, human health, ecosystems) may
be based on data collected and reported by Member
States.
UNECE has published a report of 'Recommendations
on climate change-related statistics' (UNECE, 2014).
It mentions that additional statistics may need to
be developed to describe the social and economic
impacts of climate change, population vulnerability,
and mitigation and adaptation efforts. In 2015, a 'Task
force on measuring extreme events and disasters'
(UNECE, 2015) was set up, which aimed to provide
recommendations in 2016. The work can be expected
to provide input and be linked to the work mentioned
above under the Sendai Framework.
Regarding the United Nations sustainable
development strategy, an inter-agency and expert
group (coordinated by UN Statistics) is developing
a sustainable development goal indicator set
(IAEG-SDG, 2015). Many countries have provided
comments, including several EU Member States. The
European Commission (Eurostat) and the EEA also
provided some comments. The aim is to finalise the
work in 2016. It is not yet clear how the sustainable
development goal indicators will lead to changes in
EU data collection and EU indicators, in particular
regarding climate change adaptation. However, it can
be expected that, regarding disaster risks, the Sendai
Framework activities on indicators and, regarding
adaptation, the UNFCCC activities will be more relevant
and specific than the sustainable development goals.
The renewed European sustainable development
strategy was published in 2006. Since then, Eurostat
has prepared a monitoring report every two years,

the latest being in 2015 (153). The indicators and
information regarding climate change and energy
are very similar to those published in the annual
reports supporting the Europe 2020 strategy (see
Section 7.4.2). In 2016, a Communication from the
European Commission is expected on the future of the
sustainable development strategy, and on if and how
the United Nations sustainable development goals will
have an influence.

7.4.2 The Seventh Environment Action Programme,
EU 2020 strategy and environmental accounts
The Seventh Environment Action Programme to
2020, 'Living well, within the limits of our planet' (EU,
2013b), contains various objectives that are relevant
for climate change adaptation. The EEA will prepare
annual indicator reports from 2016 onwards, tracking
the progress in reaching the quantitative targets of
the Seventh Environment Action Programme, which
will be based mainly on existing EEA indicators. The
indicators of this report on climate change impacts
and vulnerability could provide some input, although
mainly as contextual information. The only specific
adaptation-related indicator that will be included is
the 'number of countries with a national adaptation
strategy and/or action plan in place'.
Europe 2020 is the EU's growth and jobs strategy
(2010), which aims to pave the way to a smart,
sustainable and inclusive future. Climate change
mitigation is covered through the same targets
on greenhouse emissions, renewable energy and
energy efficiency for 2020 as in the climate and
energy package (see Section 2.2). Climate change
vulnerability and adaptation are covered to only a very
limited extent. Eurostat has published annual reports
(Eurostat, 2015) on the progress made towards these
targets, which includes a figure on global temperature
and some qualitative information on the impacts of
climate change. A Communication from the European
Commission is expected by the end of 2016 that will
review the Europe 2020 strategy, including if and how
the United Nations sustainable development goals
may have an influence.
An EU regulation on environmental accounting (EU,
2011) provides the framework. These accounts track
the links between the environment and the economy
at EU, national, regional and industry levels, and
complement environmental statistics and indicators.

(152) https://ec.europa.eu/jrc/en/news/new-knowledge-centre-help-eu-minimise-risk-disasters.
(153) http://ec.europa.eu/eurostat/web/sdi/indicators.
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Regarding issues of climate change impacts,
vulnerability and adaptation, the specific development
of water accounts and of future ecosystem accounts
could be relevant. The EEA collaborates with Eurostat
on ecosystem accounting and is preparing several
initial accounts, including on water.

7.5

•

Adaptation and climate services. Providing the best
available climate data and other information to
different users is needed to support adaptation.
Needs range from general services providing
tailor-made information (climate data, scenarios,
sectoral climate-dependent variables, etc.) to tools
to support adaptation policy and decision-making,
to facilitate knowledge transfer and to build
capacity (adaptation services).

•

Robust, integrated (across sectors and geographical
and governance scales) impact, vulnerability and
adaptation assessments. Fundamental gaps persist
in the identification of the expected impacts
to and vulnerability of sectors and in framing
this knowledge into decision-making systems,
which involves careful matching of, for example,
spatial and temporal scales to those of planning
and/or management. These assessments are
essential both for sectoral adaptation and as the
basis for evaluations informing adaptation plans
(e.g. integrated assessments, economic analyses).

•

Ecosystem-based adaptation measures. An
evaluation of such measures and an assessment of
how these can be integrated with other measures
is required, with the aim of achieving multiple
societal and environmental benefits.

•

Decision-making and policymaking support tools and
assessments, including on the costs and benefits of
impacts and adaptation. There is a need to develop
tools and decision frameworks that can effectively
inform and support adaptation policies and
strategies, particularly at the relevant scales and at
aggregated levels (municipal, national, European).
The integration of reliable short- and long-term
economic indicators therein is needed to help
shape decision-making, as current uncertainty
is limiting adaptation action. In addition, more
insights into the adaptation capacity of sectors,
systems and society across the EU need further
integration into impact, vulnerability and
adaptation assessment frameworks.

•

Knowledge on effective adaptation. An enlarged
pool of adaptation case studies is needed
to transfer knowledge on topics such as the
identification of adaptation options and criteria
for their selection, decision-making frameworks
and the integration of adaptation within routine
planning, cost-efficient combinations of measures,
and governance and opportune implementation

Knowledge gaps

Gaining knowledge entails much more than research,
and the combined efforts and experiences of
adaptation practitioners across Europe, together
with new research and innovation, are expected to
significantly enhance the knowledge base in the coming
years.
The EU Strategy on adaptation to climate change (2013)
identified four key areas where knowledge gaps exist:
(1) information on damage and adaptation costs and
benefits, (2) regional- and local-level analyses and risk
assessments, (3) frameworks, models and tools to
support decision-making and (4) means of monitoring
and evaluating past adaptation efforts.
In 2014, the European Commission prepared an
internal note that gives an overview of knowledge
gaps identified from collecting, summarising and
structuring information from different sources, including
information collected in preparation for the 2013 EU
Strategy on adaptation to climate change, the IPCC
AR5 (IPCC, 2014), UNEP Programme of Research on
Climate Change Vulnerability, Impacts and Adaptation
(PROVIA) documents such as the 'Guidance on Assessing
Vulnerability, Impacts and Adaptation to Climate Change'
(PROVIA, 2013), documents and outcomes from the Joint
Programming Initiative 'Connecting Climate Knowledge
for Europe' (JPI Climate), JRC projects including PESETA
(Ciscar et al., 2014), outcomes of the final conference
of the FP7 ERA‑NET project Climate Impact Research
and Response Coordination for a Larger Europe
(CIRCLE-2) (154), EEA reports and other sources. This
compilation did not address the specific needs of
Member States or of particular sectoral stakeholders to
inform their specific adaptation policies.
The main knowledge gaps are grouped into eight
priority areas. Many of them require that research and
experience be combined in implementing adaptation
policies and actions. This includes demonstration
and replication projects that enlarge the pool of case
studies and implemented adaptation options. The eight
priority areas are:

(154) http://adaptationfrontiers.eu.
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timing. The potential of ecosystem-based
options as effective solutions needs to be further
assessed.
•

•

•

Regional- and local-level adaptation. As part of
the general need to enlarge the pool of case
studies, the EU needs to identify common
challenges, such as how to address limitations
in data and resolution, cross-sectoral and crossborder interdependencies, spill overs and the
governance of adaptation. Vulnerable European
regions and systems need enhanced approaches,
including topics such as mountains and their
influence regions; the Mediterranean region, a
climate change hotspot in all existing evaluations;
European coastal areas; international rivers and
their catchment areas; urban areas, including their
wider metropolitan belts; rural areas and their
societies; and islands and outermost regions.
Interdependencies, synergies and trade-offs with
other relevant goals. This emergent area requires
research and knowledge generation, addressing
in particular the interactions between mitigation
and adaptation, the linkages between adaptation
and disaster risk reduction, and the integration of
adaptation with other sustainable development
goals. In addition, further knowledge is needed
on the geographical interactions and spill-over
effects of impacts and adaptation at regional and
global levels.
Monitoring systems and tools. These are required
both for impacts and vulnerability and for
adaptation to climate change.

Several of these knowledge gap areas are being
addressed through different EU funding and
knowledge initiatives. However, it should be
noted that many 'knowledge gaps' also need to be
addressed through national research programmes.
As a cross-cutting theme, there is a need for
enhanced communication, shared learning and
co‑creation of knowledge. This is relevant, for
example, between climate service providers and
users, but also between various governmental
agencies and communities of practice (e.g. sectoral)
within and across countries.

(155)
(156)
(157)
(158)
(159)

7.6

Climate change impacts, vulnerability
and adaptation research

The EU's FP7 (2007–2013) covered climate-relevant
research (155) across various themes. For an overview
of all of the FP7 climate change projects, see the
European Commission's website (156). Furthermore,
Climate‑ADAPT contains a database and web pages
on the results of many EU FP7 projects dealing
with climate change impacts, vulnerability and
adaptation (157). In addition, the EU CIRCLE-2 ERA-NET
project (158) has analysed relevant national research
activities and developed an extensive database.
Horizon 2020 (159) is the EU financial instrument
implementing the 'Innovation Union', a Europe 2020
flagship initiative, for the period 2014–2020. The
priorities and research focus of Horizon 2020 were
agreed within the EU in 2013/2014. It is expected
that at least 60 % of the overall Horizon 2020 budget
will be related to sustainable development and that
climate-related expenditure will exceed 35 % of the
budget, including mutually compatible measures
improving resource efficiency.
Of the priorities of Horizon 2020, the societal
challenge 'climate action, environment, resource
efficiency and raw materials' is the most relevant to
climate change impacts, vulnerability and adaptation
research. However, other 'societal challenges' are also
relevant, such as 'secure societies', which includes
as one of its aims 'to enhance the resilience of our
society against natural and man-made disasters'.
The Horizon 2020 activity 'fighting and adapting to
climate change' supports proposals that aim to:
•

develop climate modelling and science for climate
services to help provide trustworthy science-based
information to governments, the public and private
decision-makers;

•

pool resources to develop better tools, methods
and standards to help assess the impact of climate
change and adaptation responses;

•

improve understanding of the economics of
climate change and linkages with sustainable
development;

http://ec.europa.eu/research/environment/index_en.cfm?pg=climate.
http://ec.europa.eu/research/environment/index_en.cfm?pg=projects&area=climate.
http://climate-adapt.eea.europa.eu/knowledge/adaptation-information/research-projects/index_html.
http://www.circle-era.eu/np4/10.
http://ec.europa.eu/research/horizon2020/index_en.cfm?pg=h2020.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report

323

Strengthening the knowledge base

•

develop technological options and strategies
to improve air quality and reduce the carbon
footprint of European cities; and

•

create climate change networks to facilitate
dialogue among relevant scientific communities,
funding bodies and user communities in the EU.

Horizon 2020 has already addressed in its work
programmes from 2014 to 2017 many of the
knowledge gaps identified in the section above,
including the following:
•

•

324

Climate services (160). These are an important
element of EU-funded research in the area of
climate change (see also above). The European
Commission has initiated a 'European research and
innovation roadmap for climate services' (Street
et al., 2015), which aims to develop a 'market' for
climate services for both climate change mitigation
and adaptation. This roadmap will complement
the Copernicus climate services. The definition of
climate services in the roadmap is: 'Transforming
climate-related data and other information into
customised products such as projections, trends,
economic analysis, advice on best practices,
development and evaluation of solutions, and any
other climate-related service liable to benefit, or
that may be of use for the society. These services
include data, information and knowledge that
support adaptation, mitigation and disaster risk
management'. This broad definition is not yet used
widely but in future the distinction between climate
services and adaptation services (see Section 7.1.3)
may become less relevant.
Decision support tools. These can facilitate decisionmaking by different end users (e.g. individuals,
businesses, other private sector firms, local
authorities and planners, governments), while
developing adaptation plans and measures, as
well as developing comprehensive economic
assessment of climate change.

•

Synergies. This involves supporting the clustering
and close cooperation between initiatives
funded internationally, by the EU and nationally
in the fields of climate change adaptation and
disaster risk reduction, promoting foresight and
large‑scale dissemination activities, and fostering
the science‑policy interface across the EU. It also
involves examining the link between climate
change actions and sustainable development.

•

Nature-based solutions for resilience. These can
address synergies between different objectives
such as mitigation, adaptation, disaster risk
reduction and sustainable development. Target
areas include urban, mountain and coastal areas.

•

Monitoring. This includes frameworks and methods
to assess climate change impacts, vulnerabilities,
the performance and effectiveness of adaptation
measures, and operational and organisational/
governance needs for successful replication and
follow-up.

•

Governance, participatory processes and methods.
These can facilitate knowledge transfer and uptake
by stakeholders.

Related to this, JPI Climate (161) was initiated in 2011
to support multi-national research activities related
to improving climate projections, climate services,
societal transformation and decision support
tools. The aim of Joint Programming is to increase
the value of relevant national and EU research
and development funding by concerted and joint
planning, implementation and evaluation of national
research programmes. A new ERA initiative called
'ERA for climate services' (ERA4CS) began on 1 January
2016 (162). It is closely linked to JPI Climate. ERA4CS
aims to boost research for climate services, including
climate adaptation, mitigation and disaster risk
management.
Furthermore, the EU has funded Climate-KIC (163).
Climate-KIC is one of three knowledge and innovation
communities (KICs) created in 2010 by the European
Institute of Innovation and Technology (EIT). The
EIT is an EU body whose mission is to create
sustainable growth. Climate-KIC supports this
mission by addressing climate change mitigation
and adaptation, although most of the activities so

•

Effective adaptation and implementation. This
requires projects at local, regional or national
levels, conducted using innovative solutions, as
well as testing and dissemination of technological
and non-technological adaptation options,
including ecosystem-based approaches.

(160)
(161)
(162)
(163)

http://ec.europa.eu/research/environment/index_en.cfm?pg=climate-services.
http://www.jpi-climate.eu.
http://www.jpi-climate.eu/aboutERA4CS.
http://www.climate-kic.org/about.
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far are related to mitigation. Climate-KIC integrates
education, entrepreneurship and innovation aimed
at the transformation of knowledge and ideas into
economically viable products or services that help to
mitigate or adapt to climate change.
Other EU initiatives that are contributing to filling
the knowledge gap include the LIFE Climate Action
instrument (EU, 2014a) which aims to promote
adaptation in cross-border coastal and flood
management; urban land use planning, buildings
and natural resources management; mountains
and islands; sustainable management of water;
and combating desertification and forest fires in

drought‑prone areas. In addition the instrument
promotes green infrastructure and ecosystem-based
approaches to adaptation; innovative adaptation
technologies and vulnerability assessments and
adaptation strategies. Issues such as governance,
knowledge transfer and monitoring systems are also
potential topics that could be funded.
As climate change concerns have been mainstreamed
in all ESIF funding (164), Member States have allocated
25 % of these funds to climate change mitigation and
adaptation, which will help to increase the amount of
effective adaptation experience and knowledge across
the EU.

(164) http://ec.europa.eu/contracts_grants/funds_en.htm.
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8 Abbreviations and acronyms

8.1

General abbreviations and acronyms

Table 8.1 presents all abbreviations and acronyms used
in this report, except for the acronyms of fixed-time
research projects that are presented in Table 8.2.

Table 8.1

326

Abbreviations and acronyms (except research projects)

Acronym or
abbreviation

Name

Reference (*)

A1

See SRES

A1B

See SRES

A1FI

See SRES

A1T

See SRES

A2

See SRES

AdSVIS

Adaptation of road infrastructure to climate change
programme

http://adsvis.de

AMAP

Arctic Monitoring and Assessment Programme

http://www.amap.no

AMECO

Annual macro-economic database of the European
Commission

http://ec.europa.eu/economy_finance/
db_indicators/ameco/index_en.htm

AOGCM

Atmosphere–Ocean Global Circulation Models

AR4

IPCC Fourth Assessment Report

http://www.ipcc.ch/report/ar4

AR5

IPCC Fifth Assessment Report

http://www.ipcc.ch/report/ar5

ASTI

Arctic Species Trend Index

http://www.caff.is/asti

B1

See SRES

B2

See SRES

BEAC

Barents Euro-Arctic Council

http://www.beac.st

C3S

Copernicus Climate Change Service

https://climate.copernicus.eu

CAP

Common Agricultural Policy

http://ec.europa.eu/agriculture/
capexplained/index_en.htm

CAPE

Convective available potential energy

CBSS

Council of the Baltic Sea States

CCIV

Climate change, impacts and vulnerability

CCSM3

Community Climate System Model version 3

CDD

Cooling degree days

CEH

Centre for Ecology and Hydrology

CGCM

Coupled General Circulation Model

CH4

Methane (gas)

CIF

Common Implementation Framework of the EU Biodiversity
Strategy

http://www.cbss.org
http://www.cesm.ucar.edu/models/
ccsm3.0
http://www.ceh.ac.uk

http://biodiversity.europa.eu/policy
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Abbreviations and acronyms (except research projects) (cont.)

Acronym or
abbreviation

Name

Reference (*)

Climate-ADAPT

European Climate Adaptation Platform

http://climate-adapt.eea.europa.eu

Climate KIC

Climate Knowledge and innovation community (of the
European Institute of Innovation and Technology)

http://www.climate-kic.org

CMEMS

Copernicus Marine Environmental Monitoring Service

http://marine.copernicus.eu

CMIP5

Coupled Model Intercomparison Project Phase 5

http://cmip-pcmdi.llnl.gov/cmip5/index.
html

CO2

Carbon dioxide (gas)

COP21

UNFCCC climate conference in Paris in 2015

http://www.cop21.gouv.fr/en

COSMO-CLM

Consortium for Small scale Modeling — Climate Limited-area
Model

http://www.clm-community.eu/index.
php?menuid=198

CPR

Continuous Plankton Recorder

CRED

Centre for Research on the Epidemiology of Disasters

http://www.cred.be

CSI

EEA Core Set of Indicators

http://www.eea.europa.eu/data-andmaps/indicators#c5=&c0=10&b_
start=0&c10=CSI

CSIRO

Commonwealth Scientific and Industrial Research
Organisation

http://www.csiro.au

CTI

Community Temperature Index

CTP

Working Community of the Pyrenees

CV

Coefficient of variation

https://ctp.org

DAISIE

Delivering Alien Invasive Species Inventories for Europe

http://www.europe-aliens.org

Defra

UK Department for Environment, Food and Rural Affairs

https://www.gov.uk/government/
organisations/department-forenvironment-food-rural-affairs

DFO

Dartmouth Flood Observatory

http://floodobservatory.colorado.edu

DPSIR

Drivers–Pressures–State–Impacts–Response indicator
framework

http://www.eea.europa.eu/publications/
TEC25

EAP

Environment Action Programme (of the European Union)

http://ec.europa.eu/environment/actionprogramme

EASIN

European Alien Species Information Network

http://easin.jrc.ec.europa.eu

ECDC

European Centre for Disease Prevention and Control

http://www.ecdc.europa.eu

ECHAM5

Fifth generation of the ECHAM general circulation model

http://www.mpimet.mpg.de/wissenschaft/
globale-klimamodellierung/echam/
echam5

ECMWF

European Centre for Medium-Range Weather Forecasts

http://www.ecmwf.int

ECP

Extended concentration pathway

EDO

European Drought Observatory (JRC)

http://edo.jrc.ec.europa.eu

EEA

European Environment Agency

http://www.eea.europa.eu

EFFIS

European Forest Fire Information System (JRC)

http://effis.jrc.ec.europa.eu

EIT

European Institute of Innovation and Technology

https://eit.europa.eu

EM-DAT

Emergency Events Database (CRED)

http://www.emdat.be

ENPI

European Neighbourhood and Partnership Instrument

http://ec.europa.eu/europeaid/
funding/european-neighbourhood-andpartnership-instrument-enpi_en

ENSO

El Niño–Southern Oscillation

ERA

European Research Area

http://ec.europa.eu/research/era/index_
en.htm

ERA4CS

ERA for climate services

http://www.jpi-climate.eu/ERA4CS

ESA

European Space Agency

http://www.esa.int
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Abbreviations and acronyms (except research projects) (cont.)

Acronym or
abbreviation

Name

Reference (*)

ESIF

European Structural & Investment Fund

http://ec.europa.eu/contracts_grants/
funds_en.htm

ESM

Earth system model

ESPON

European Observation Network for Territorial Development
and Cohesion

https://www.espon.eu/main

ETC-CCA

European Topic Centre on Climate Change impacts,
vulnerability and Adaptation

http://cca.eionet.europa.eu

EU-27/28

The 27/28 Member States of the European Union (depending
on the period in question)

EUMETSAT

European Organisation for the Exploitation of Meteorological
Satellites

http://www.eumetsat.int

EURO-CORDEX

Coordinated Downscaling Experiment — European Domain

http://www.euro-cordex.net

EUROPOP2013

European Population Projections, base year 2013

http://ec.europa.eu/eurostat/web/
population-demography-migrationprojections/population-projections-data

Eurostat

The Statistical Office of the European Union

http://ec.europa.eu/eurostat

FAO

Food and Agriculture Organization of the United Nations

http://www.fao.org

FP(5/6/7)

EU's Framework Programme(s) for Research

http://cordis.europa.eu/fp7/home_en.html

FWI

Canadian Forest Fire Weather Index

http://cwfis.cfs.nrcan.gc.ca/background/
dsm/fwi

GCM

General circulation model

GCOS

Global Climate Observing System

GDP

Gross domestic product

GEO BON

Group on Earth Observations Biodiversity Observation
Network

http://geobon.org

GFCS

Global Framework for Climate Services

http://www.wmo.int/gfcs

GHCN

Global Historical Climatology Network dataset

https://www.ncdc.noaa.gov/data-access/
land-based-station-data/land-baseddatasets/global-historical-climatologynetwork-ghcn

GISS

NASA Goddard Institute for Space Studies

http://www.giss.nasa.gov

GMSL

Global mean sea level

HadCM3

Hadley Centre Coupled Model version 3

http://www.metoffice.gov.uk/research/
modelling-systems/unified-model/climatemodels/hadcm3

HadGEM2(-ES)

Hadley Centre Global Environment Model version 2 (Earth
System)

http://www.metoffice.gov.uk/research/
modelling-systems/unified-model/climatemodels/hadgem2

HadISST1

Hadley Centre Sea Ice and Sea Surface Temperature dataset

http://www.metoffice.gov.uk/hadobs/
hadisst

HDD

Heating degree day

http://www.wmo.int/pages/prog/gcos/
index.php?name=AboutGCOS

HELCOM

Baltic Marine Environment Protection Commission

http://www.helcom.fi

Horizon 2020

The current EU Framework Programme for Research and
Innovation

http://ec.europa.eu/research/
horizon2020/index_en.cfm

HWMI(d)

Heat Wave Magnitude Index (daily)

https://ec.europa.eu/jrc/en/news/heatwave-index

IAEA

International Atomic Energy Agency

http://www.iaea.org

IAS

Invasive alien species

http://ec.europa.eu/environment/nature/
invasivealien/index_en.htm
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Abbreviations and acronyms (except research projects) (cont.)

Acronym or
abbreviation

Name

Reference (*)

IG CCA

Interest Group on 'Climate Change and Adaptation' (of the
network of European Nature Conservation Agencies)

http://www.encanetwork.eu/interestgroups/climate-change-adaptation

IMF

International Monetary Fund

http://www.imf.org

INDC

Intended nationally determined contribution

http://unfccc.int/focus/indc_portal/
items/8766.php

IPCC

Intergovernmental Panel on Climate Change

http://www.ipcc.ch

IUCN

International Union for Conservation of Nature

https://www.iucn.org

IWD

Irrigation water demand

JPI Climate

Joint Programming Initiative 'Connecting Climate Knowledge
for Europe'

http://www.jpi-climate.eu/home

JRC

The Joint Research Centre of the European Commission

http://ec.europa.eu/dgs/jrc/index.cfm

KNMI

Koninklijk Nederlands Meteorologisch Instituut (Royal
Netherlands Meteorological Institute)

http://www.knmi.nl

LISFLOOD

GIS-based hydrological rainfall-runoff-routing model (JRC)

https://www.efas.eu/user-information.
html

LUCAS

Land Use/Cover Area frame Statistical Survey

http://ec.europa.eu/eurostat/statisticsexplained/index.php/Glossary:Land_use/
cover_area_frame_survey_(LUCAS)

LWR

Longwave radiation

MAP

Mediterranean Action Plan (for the Barcelona Convention)

http://www.unepmap.org

MARS/STAT

Monitoring Agriculture with Remote Sensing – Stat Action
database

http://mars.jrc.ec.europa.eu/mars/Aboutus/The-MARS-Unit

MRE

Monitoring, reporting and evaluation

Mtoe

Million tonnes of oil equivalent

N2O

Nitrous oxide (gas)

NAO

North Atlantic Oscillation

NAP

National adaptation plan

NAS

National adaptation strategy

NatCatSERVICE

Natural catastrophe loss database (Munich RE)

http://www.munichre.com/en/
reinsurance/business/non-life/georisks/
natcatservice/default.aspx

NCDC

NOAA National Climatic Data Center

http://www.ncdc.noaa.gov

ND-GAIN

Notre Dame Global Adaptation Index

http://index.gain.org

NDVI

Normalized Difference Vegetation Index

NOAA

National Oceanic and Atmospheric Administration

http://www.noaa.gov

NODUS

GIS-based software model that provides a tool for detailed
analysis of freight transportation over extensive multi-modal
networks

http://www.ltto.com/en/
commercialisation/technological-offers/
ict-software-nodus

NUSAP

The Management of Uncertainty and Quality in Quantitative
Information

http://www.nusap.net

NUTS(2/3)

Nomenclature of Territorial Units for Statistics; NUTS2,
states/provinces; NUTS3, regional areas, counties, districts

http://ec.europa.eu/eurostat/web/nuts/
overview

OCTOP

Topsoil Organic Carbon Content for Europe

http://esdac.jrc.ec.europa.eu/content/
octop-topsoil-organic-carbon-contenteurope

OECD

The Organisation for Economic Co-operation and
Development

http://www.oecd.org

OHC

Ocean heat content
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Abbreviations and acronyms (except research projects) (cont.)

Acronym or
abbreviation

Name

Reference (*)

ONERC

Observatoire National sur les Effets du Réchauffement
Climatique (the French national observatory about climate
change impacts)

http://www.developpement-durable.gouv.
fr/-Observatoire-National-sur-les-.html

OPCC

Pyrenees Climate Change Observatory

http://www.opcc-ctp.org/en

OR

EU outermost region

http://ec.europa.eu/regional_policy/en/
policy/themes/outermost-regions

OSI SAF

EUMETSAT Satellite Application Facility on Ocean and Sea Ice

http://www.osi-saf.org

OTCs

Overseas countries and territories

http://ec.europa.eu/europeaid/regions/
octs_en

PDO

Pacific Decadal Oscillation

PFRA

Preliminary Flood Risk Assessment

pH

Decimal logarithm of the reciprocal of the hydrogen ion
activity (measure of acidity)

PHI

Potential hail index

PM

Particulate matter

PM10

Particles in the atmosphere with a diameter of less than or
equal to a nominal 10 micrometres

POLES

Prospective Outlook on Long-term Energy Systems

ppm

Parts per million

PROVIA

Programme of Research on Climate Change Vulnerability,
Impacts and Adaptation

http://www.unep.org/provia

PSMSL

Permanent Service for Mean Sea Level

http://www.psmsl.org

RACMO2

Regional Atmospheric Climate Model (KNMI)

https://www.projects.science.uu.nl/
iceclimate/models/racmo.php

RCM

Regional climate model

RCP

Representative concentration pathway

RDI

Reconnaissance Drought Index

REDES

Rainfall Erosivity Database at European Scale

https://ec.europa.eu/jrc/en/publication/
rainfall-erosivity-database-european-scaleredes-product-high-temporal-resolutionrainfall-data

SAHFOS

Sir Alister Hardy Foundation for Ocean Science

https://www.sahfos.ac.uk

SDDI

Supply–Demand Drought Index

SOC

Soil organic carbon

http://rod.eionet.europa.eu/
obligations/601

http://www.enerdata.net/enerdatauk/
solutions/energy-models/poles-model.php

SOER

EEA State of the Environment Report

SPEI

Standardised Precipitation Evapotranspiration Index

http://www.eea.europa.eu/soer

SPI

Standardised Precipitation Index

SRES

IPCC Special Report on Emissions Scenarios

http://www.ipcc.ch/ipccreports/sres/
emission/index.php?idp=0

SREX

IPCC Special Report on Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation

http://www.ipcc-wg2.gov/SREX

SRI

Standardized Runoff Index

SSP

Shared socio-economic pathway

SSR

Seasonal Severity Rating (index of forest fire risk)

SST

Sea surface temperature

SWR

Shortwave radiation
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Acronym or
abbreviation

Name

Reference (*)

TAR

IPCC Third Assessment Report

https://www.ipcc.ch/ipccreports/tar/vol4/
english

TBE

Tick-borne encephalitis

TCI

Tourism climate index

TED

Total Economy Database

TEU

Twenty-foot equivalent

TIMES

The Integrated MARKAL-EFOM System model

Twh

Terawatt-hours

Txx

Annual maximum value of daily maximum temperature

UHI

Urban heat island

UNECE

United Nations Economic Commission for Europe

https://www.conference-board.org/data/
economydatabase
http://ledsgp.org/resource/the-integratedmarkal-efom-system-model/?loclang=en_gb

http://www.unece.org

UNEP

United Nations Environment Programme

http://www.unep.org

UNFCCC

United Nations Framework Convention on Climate Change

http://unfccc.int

UNISDR

United Nations Office for Disaster Risk Reduction

http://www.unisdr.org

VBORNET

European Network for Arthropod Vector Surveillance for
Human Public Health

http://www.vbornet.eu

W/m2

Watts per square metre

WAIS

West Antarctic Ice Sheet

WCDRR

World Conference on Disaster Risk Reduction

http://www.wcdrr.org

WEF

World Economic Forum

https://www.weforum.org

WEO

World Economic Outlook of the IMF

http://www.imf.org/external/ns/
cs.aspx?id=28

WHO

World Health Organization

http://www.who.int

WMO

World Meteorological Organization

http://www.wmo.int

WNV

West Nile virus (disease-causing agent)

Note:

(*) No references are provided for technical terms.
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8.2

Acronyms of research projects

Table 8.2 presents those research projects that are
explicitly mentioned in the text of this report. Many

Table 8.2

332

more projects have contributed to the publications
cited in this report and to the data presented therein,
but the compilation of a complete overview was not
feasible.

Acronyms of research projects

Project acronym

Project name

Website

Funding

ATEAM

Advanced Terrestrial Ecosystem Analysis and
Modelling

https://www.pik-potsdam.de/ateam

FP5

BaltAdapt

Baltic Sea Region Climate Change Adaptation
Strategy

http://www.baltadapt.eu

ERDF

BASE

Bottom-up Climate Adaptation Strategies
Towards a Sustainable Europe

http://base-adaptation.eu

FP7

CAPRESE

CArbon PREservation and SEquestration in
agricultural soils

http://publications.jrc.ec.europa.
eu/repository/bitstream/JRC88295/
caprese_final%20report-v2.pdf

JRC

CARPATCLIM

Climate of the Carpathian Region

http://www.carpatclim-eu.org/
pages/home

JRC, NKTH

CarpathCC

Climate Change Framework Project

http://carpathcc.eu

EU

CARPIVIA

Carpathian integrated assessment of
vulnerability to climate change and ecosystembased adaptation measures

http://www.carpivia.eu

DG ENV

cCASHh

Climate change and adaptation strategies for
human health in Europe

http://cordis.europa.eu/project/
rcn/56944_en.html

FP5

CIRCE

Climate Change and Impact Research: the
Mediterranean Environment

http://www.iddri.org/Iddri/CirceOverview.pdf

FP6

CIRCLE-2

Climate Impact Research & Response
Coordination for a Larger Europe

http://www.circle-era.eu

FP7

ClimateCost

The Full cost of climate change

http://www.climatecost.cc

FP7

Climate-TRAP

Training, Adaptation, Preparedness of the
Health Care System to Climate Change

http://www.climatetrap.eu

EAHC

CLIMSAVE

Climate Change Integrated Assessment
Methodology for Cross-Sectoral Adaptation
and Vulnerability in Europe

http://www.climsave.eu/climsave/
index.html

FP7

ECA&D

European Climate Assessment & Dataset
project

http://eca.knmi.nl

KNMI, EC,
EUMETNET

ECCONET

Effects of climate change on the inland
waterway networks

http://www.ecconet.eu

FP7

ECONADAPT

The Economics of Climate Change Adaptation

http://econadapt.eu

FP7

EDEN

Emerging Diseases in a changing European
eNvironment

http://www.eden-fp6project.net

FP6

EDENext

Biology and control of vector-borne infections
in Europe

http://www.edenext.eu

FP7

ENHANCE

Enhancing risk management partnerships for
catastrophic natural hazards in Europe

http://enhanceproject.eu

FP7

ENSEMBLES

ENSEMBLE-based Predictions of Climate
Changes and their Impacts

http://www.ensembles-eu.org

FP6

ESPON Climate

Climate Change and Territorial Effects on
Regions and Local Economies

https://www.espon.eu/
main/Menu_Projects/Menu_
ESPON2013Projects/Menu_
AppliedResearch/climate.html

ERDF

Eurosion

European initiative for sustainable coastal
erosion management

http://www.eurosion.org

DG ENV
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Project acronym

Project name

Website

Funding

EWENT

Extreme weather impacts on European
networks of transport

http://ewent.vtt.fi

FP7

GEMAS

Geochemical Mapping of Agricultural and
Grazing Land Soil

http://gemas.geolba.ac.at

EuroGeoSurveys,
Eurometaux

IMPACT2C

Quantifying projected impacts under 2 °C
warming

http://impact2c.hzg.de

FP7

IMPRESSIONS

Impacts and Risks from High-end Scenarios:
Strategies for Innovative Solutions

http://www.impressions-project.eu

FP7

ISI-MIP

Inter-Sectoral Impact Model Intercomparison
Project

https://www.isimip.org

BMBF

JRA-25

Japanese 25-year Reanalysis Project

http://www.jreap.org/indexe.html

JMA

MOTIVE

Models for Adaptive Forest Management

http://motive-project.net

FP7

MOWE-IT

Management of Weather Events in the
Transport System

http://www.mowe-it.eu

FP7

NetBiome-CSA

Strengthening European research cooperation
for smart and sustainable management
of tropical and subtropical biodiversity in
outermost regions and overseas countries and
territories

http://www.netbiomecsa.netbiome.
eu/np4/home.html

FP7

PESETA II

Projection of Economic impacts of climate
change in Sectors of the European Union
based on boTtom-up Analysis

http://peseta.jrc.ec.europa.eu

JRC

PIOMAS

Pan Arctic Ice-Ocean Modeling and Assimilation http://psc.apl.washington.edu/
System
zhang/IDAO/data_piomas.html

NSF

PRUDENCE

Prediction of Regional scenarios and
Uncertainties for Defining EuropeaN Climate
change risks and Effects

http://prudence.dmi.dk

FP5

RAMSES

Reconciling, adaptation, mitigation and
sustainable development for cities

http://www.ramses-cities.eu

FP7

RESPONSES

European responses to climate change: deep
emissions reductions and mainstreaming of
mitigation and adaptation

http://www.responsesproject.eu

FP7

SEAMLESS

System for Environmental and Agricultural
Modelling: Linking European Science and
Society

http://www.seamless-ip.org

FP6

STEP

Status and Trends of European Pollinators

http://www.step-project.net

FP7

ToPDAd

Tool-supported policy development for
regional adaptation

http://www.topdad.eu

FP7

WEATHER

Weather Extremes: Impacts on Transport
Systems and Hazards for European Regions

http://www.weather-project.eu

FP7
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