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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.




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

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, 2015¢).

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.

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

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 CO, 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.

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.

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

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 CO, 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

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.

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

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 (").

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 (3).

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.

(3) 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 CO, 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 Temperate Southern European
to average
adaptation| goregiand | Atlantic | Continental Medi-
policy Arctic terranean
Obs Proj | Obs Proj | Obs Proj | Obs Proj | Obs Proj
3 Changes in the climate system
3.2 Atmosphere
2.2 N
3 tGelrc;]bpaelre;rtlfjjrguropean Temperature o _ _ _ _
3.23 Heat extremes Frequency of warm No
days/heat wave P P P P
magniture index
3.24  Mean precipitation Annual precipitation No - < = | X = X
3.2.5 Heavy precipitation Intensity No - = — =z <<
3.2.6 Wind storms Maximum wind speed No = = = <>
3.2.7 Hail Potential hail index No = | < Pl
3.3 Cryosphere
332 Arctic and Baltic sea ice See end of table
333 Greenland and Antarctic ice Mass No ~
sheets
3.3.4 Glaciers Mass No << < ~ ~
335 Snow cover Duration/amount No ~
4 Climate change impacts on environmental systems
4.1 Oceans and marine environment (see end of table)
4.2 Coastal zones
4.2.2 Global and European sea level Absolute sea level No e e el =
Relative sea level No << el el = el
Coastal flooding Variable = P o o
frequency
4.3 Freshwater systems
43.2 River flows Mean flow Domain
(near-natural rivers) - = < ~
433 River floods ngggﬁaé{\and Trend = |z e P |
4.3.4 Meteorological and Frequency and severity | Domain
hydrological droughts of meteorological <z ~ <7 <7 7 4
droughts
Minimum river flow Domain 7 ~ << ~
43. i N
35 Water temperature It.:lr;epgr;;lzp/:r o} o o o o
4.4 Terrestrial ecosystems, soil and forests
4.4.2 Soil moisture Summer soil moisture No = g I T I T ~
4.4.3 ::ﬂgllziga)é?iz?lant and Day of spring events No - -
4.4.4 aDrl]si'rtTr]l;u;Fl)c;r;i(sgfts of plantand Latitude and altitude Domain o o P | o
4.4, iti i i Domain
5 Z?Srt??tzjgcr)r;]p05|tlon and Latitude and altitude oma =
4.4.6 Forest fires Area burnt Trend Y - el
Forest fire risk index Domain | = = | < = | & | <X rd
4.4.7 Forest pests and diseases l(])ggctt;rrence of insect Domain = = = - e
5 Climate change impacts on society
5.1 Impacts of climate-related extremes
5.1.3 Economic losses from Costs Trend _
climate-related extremes
5.2 Human health
523 Floods and health Mortality and Variable
morbidi%ly -~ -
5.2.4 Extreme temperatures Heat-related mortality Trend P P P
and health Cold-related mortality | Variable ~
5.2.5 Vector-borne diseases People infected Trend = *
5.2.6 - - i Trend
\é\{sézgeznd food-borne gl?ggl)ezs;:)fected =t
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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 Temperate Southern European
to average
adap}atlon Boreal and Atlantic Continental Medi-
RSV Arctic terranean
Obs Proj | Obs Proj | Obs Proj | Obs Proj | Obs Proj
5.3 Agriculture
5.3.2 Growing season for Duration No _r 4 4 =
agricultural crops
533 Agrophenology Day of spring events Domain ~ ~ ~ ~
534 Water-limited crop yield Average yield Variable - << — ~
Adverse climatic Domain
conditions - - = =
5.3.5 Crop water demand Water deficit Domain Ll <7 <7 =
5.4 Energy
5.4.2 Heating and cooling degree Heating degree days No ~ ~ ~ e
days Cooling degree days No — = = =4 =4
54.4 Electricity production Production potential Domain ~ << e ~
5.5 Transport
5.5.2 Impacts of climate and weather  Costs of adverse weather | Domain -
extremes events =
5.6 Tourism
5.6.2 h j A Vil Domain
Summer and beach tourism ’ ettarsaoc;/)wty (summer P < < -
5.6.3 Winter and mountain tourism Winter sport potential Domain e ~
6 Multi-sectoral vulnerability and risks
6.3 Projected economic impacts Welfare ‘ Variable — — ~ ‘ ~
Arctic Atlantic Baltic Sea  Mediterra- | European
Ocean and North nean and seas
Sea Black Sea average
33.2 Arctic and Baltic sea ice Extent ‘ No ~ ~ ‘
4.1 Oceans and marine environment
4.1.2 Ocean acidification Acidity No -
4.1.3 Ocean heat content Heat content No ~
4.1.4 Sea surface temperature Temperature No - - - -
4.1.5 Range shifts of marine species Latitgde (migration No o o o o
and immigration)
41.5  Fisheries Catch potential Domain | < 7 | <<
4.1.6 Ocean oxygen content Number of dead zones | Trend 7 -
Legend:
_” Increase throughout most of a region Dominating trend in at least two-thirds,
- opposing trend in less than 10 %
. Decrease throughout most of aregion Beneficial change
=% Increase in substantial parts of a region Trend 'in betwegn one-thirds and two-thirds, Adverse change
- - - opposing trend in less than 10 %
<X Decrease in substantial parts of a region . .
Change classified as neither adverse
< Increases as well as decreases in a region  Trends in both directions in at least 10 % nor beneficial/small change
—  Only small changes
*

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.

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.

(3) 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
regions in Europe

Key observed and projected climate change and impacts for the main biogeographical

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

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

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

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)

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.

Atlantic region (north-western Europe)

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.

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

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

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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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 (%) 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:

+ 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.

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 | (IPCC, 2013) and the chapter on Europe in the
contribution of Working Group Il (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).

(%) 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;

+ astructured 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 (°) 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

() http://www.eea.europa.eu/themes/climate/indicators.

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

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


http://www.eea.europa.eu/themes/climate/indicators

Introduction

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

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.

Table 1.1 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

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 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.

Table 1.2 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

Extreme precipitation

Heat extremes
Heavy precipitation

Hail

3.3 Cryosphere

Greenland ice sheet

Permafrost (*)

Greenland and Antarctic ice sheets

4.1 Oceans and marine environment

Marine phenology (*)

Oxygen content

4.2 Coastal zones

Storm surges

Integrated into:
Global and European sea level

4.3 Freshwater systems

River droughts

Lake and river ice cover (*)

Meteorological and river droughts

4.4 Terrestrial ecosystems, soil and forests

Soil organic carbon (*)

Soil erosion (*)

Species interactions

Plant phenology; animal phenology
Plant distribution; animal distribution

Forest growth

Plant and animal phenology
Plant and animal distribution

Forest composition and distribution

5.2 Human health

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: 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.

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

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

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.

Table 1.3 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 Climate change adaptation policies and actions, examples of adaptation
(EEA, 2013a) actions in practice and the initial EU policy context
2014 EEA Report National adaptation A first comprehensive and consistent overview of adaptation policies

policy processes in European countries
(EEA, 2014b)

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

Information and national cases on emerging monitoring, reporting
and evaluation systems at national level and assessment of key aspects

of climate change adaptation in Europe (e.g. drivers, governance, methodology and information channels)

(EEA, 2015b)

2015 ETC-CCA technical paper Extreme Information on frequency and intensity of extreme weather and climate
weather and climate in Europe events covering extreme temperature, heavy precipitation, drought
(van der Linden et al., 2015) (various types) and hail

2015 'Urban vulnerability to climate Information on climate change threats (heat waves, drought and water
change in Europe — A map book' scarcity, flooding and forest fires) and cities' capacity to respond
(EEA, 2015h)

2016 EEA Report Urban adaptation to Overview of the state of urban adaptation action at different

climate change in Europe 2016
(EEA, 2016)

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 (°)

(®) 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 Analysis of droughts and water scarcity, pollution, and flood risks, which all

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

increase the vulnerability of freshwater ecosystems and societies. Land-use
change, water abstraction and climate change are key factors

2013 Joint EEA-JRC report Overview of environmental issues with a direct or indirect influence on people's
Environment and human health health and well-being, including climate change (e.g. heat waves and floods)

(EEA, 2013c)

2013 EEA Report Balancing the future Key sustainability challenges for European coastal areas and waters, including the
of Europe’s coasts — knowledge main climate change hazards and vulnerabilities in different European marine
base for integrated management  regions, i.e. sea level rise, increased coastal erosion, storm surges and loss of
(EEA, 2013b) specific habitats

2015 EEA Report State of Europe's seas  Assessment of whether or not Europe's seas are healthy, clean, undisturbed and
(EEA, 2015e) 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 Description of the state of nature in the EU, based on reports from Member States
nature in the EU: Results from under the Birds and Habitats Directives, including status and trends of species
reporting under the nature and habitats, and on the main pressures and threats identified by Member States,
directives 2007-2012 (EEA, 2015f)  including climate change

2015 EEA Technical report European Information on ecosystems and their conditions, as part of assessments
ecosystem assessment — concept,  of implementation of the EU Biodiversity Strategy to 2020. It identifies and
data, and implementation analyses climate change as one of five main pressures affecting ecosystems
(EEA, 2015a) and their services (the other four are habitat change, invasive species, land-use

management, and pollution and nutrient enrichment)

2015 The European environment — Comprehensive five-yearly assessment of the European environment's state,
state of the environment and trends and prospects, in a global context. Analysis of policy implementation
outlook 2015 (EEA, 2015d) 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 with new information, for example from EU research

The various recent EEA reports on climate change,

projects, transnational projects, and national and local
authorities.

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

(") http://climate-adapt.eea.europa.eu.

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.

Climate change, impacts and vulnerability in Europe 2016 | An indicator-based report
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Table 1.5 Selection of relevant reports from other organisations published since 2012
Year Organisation Title Content
2013 European 'Impact assessment' (EC, 2013) and  The information on climate change impacts and
Commission underlying background reports vulnerability in the impact assessment and the
(DG CLIMA) (McCallum, Dworak et al., 2013; background reports were, to a large extent, based
McCallum, Prutsch et al., 2013), on the 2012 EEA CCIV report or on similar underlying
related to its 2013 communication  information sources
on the EU strategy on climate
change adaptation
2013/2014 Intergovernmental Contributions of Working Groups|  These IPCC AR5 reports are very relevant, in particular
Panel on Climate  and Il to its Fifth Assessment Report the chapter on Europe in the Working Group I
Change (IPCC) (AR5; IPCC, 2013, 20144, 2014b) 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: The report covers information about changes over time
Meteorological preparing for climate change in the probability distributions of extreme weather
Institute (NMI), adaptation (Hov et al., 2013) events across Europe and their impacts. Some similar
in collaboration and consistent information has also been included in
with the European the present report and the related ETC-CCA technical
Academies Science paper on extreme events (van der Linden et al., 2015)
Advisory Council
(EASAQ)
2014 European Climate impacts in Europe: The JRC The JRC PESETA Il project (Projection of Economic

Commission (JRC)

PESETA Il project (Ciscar et al., 2014)

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 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
UNFCCCQ). 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, A1TFI) 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,

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).

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
(A1Fl), 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.

Figure 1.1

Relationship between SRES scenarios and RCPs

10
SRES (TAR)  RCP (ARS)
A1B === RCP8.5
AIT - RCP6.0
ATFI
RCP4.5

----- A2
“““ Bl e RCP2.6

B2

Rediative forcing relative to pre-industrial (W m)

4

SRES CMIP3  RCP CMIP5
AR4 AR5
A1B  me== RCP8.5 -~
3 AT ;
ATFI RCP6.0
- A2 RCP4.5

==RCP2.6

Mean surface temperature change (°C)

0°C = 1986-2005
0 0
2000 2010 2040 2060 2080 2100 2000s 2010s 2040s 2060s 2080s 2100s
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:

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

+ RCP6.0 is a stabilisation scenario in which total
radiative forcing is stabilised at approximately
6.0 W/m? 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/m?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/m?2 by mid-century,
and returns to approximately 2.6 W/m? 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.

1.2.2 Global socio-economic scenarios

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

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

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).

Figure 1.2 The five shared socio-economic
pathways (SSPs)
A
5/ ssP 5: 7 ssp 3:
(Mit. Challenges Dominate) (High Challenges)
Fossil-fueled Regional Rivalry

Development
Taking the Highway

7 ssp 2:

(Intermediate Challenges)
Middle of the Road

A Rocky Road

Y SSP1: ¢ SSP5:
(Low Challenges) (Adapt. Challenges Dominate)
Sustainability Inequality

Socio-economic challenges for mitigation

Taking the Green Road A Road Divided

>

Socio-economic challenges for adaptation

Source: O'Neill et al., 2015. © 2015 Elsevier. Reproduced with

permission.
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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.

+ 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.

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.

+ 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.

Table 1.6 Summary of assumptions of SSPs for selected variables

SSP1 SSP2 SSP3 SSP4 SSP5

Main objective Global Not defined National security Security Economic growth
sustainability

Population growth Relatively low Medium High/low (*) Relatively Relatively low

high/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 Weak (global), Effective (for small  Effective (focus
effectiveness strong (national) elite only) competitiveness)
Technological Rapid Medium, uneven Slow Rapid (high-tech Rapid
development sectors only)
Carbon intensity Low Medium High (regions with  Low/medium (¥*) High
large domestic
resources
Environment Improving Continued Serious Degrading/ Highly engineered
conditions degradation degradation highly managed (*)
SRES B1(A1T) B2 (A2) A2 ATFI
Note: (*) The 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: 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 Data coverage of indicators and other quantitative projections
Section Indicator/topic Past trends Projections Emissions Climate models Socio-
(longest time scenarios economic
series) scenarios
3.2.2 Global and European 1850-2015 2080s RCP4.5/8.5 RCM ensemble -
temperature (*) (EURO-CORDEX)
3.23 Heat extremes 1960-2015 2030s, 2080s RCP4.5/8.5 GCM ensemble -
3.24 Mean precipitation 1960-2015 2080s RCP8.5 RCM ensemble -
(EURO-CORDEX)
3.25 Heavy precipitation 1960-2015 2080s RCP8.5 RCM ensemble -
(EURO-CORDEX)
3.2.6 Wind storms - 2080s A1B 9GCMand 11 RCM -
ensemble
3.2.7 Hail 1951-2010 -
3.3.2 Arctic and Baltic Arctic: Up to 2100 All RCPs GCM ensemble -
sea ice (*) 1979-2016
Baltic: -
1719-2016
3.33 Greenland and Antarctic  1992-2015 -
ice sheets
3.34 Glaciers 1946-2014 Up to 2100 RCP4.5/8.5 14 GCM ensemble -
3.35 Snow cover 1922-2015 Up to 2100 All RCPs GCM ensemble -
4.1.2 Ocean acidification 1988-2014 Up to 2100 All RCPs GCM ensemble -
41.3 Ocean heat content 1957-2013 -
414 Sea surface 1870-2015 -
temperature (*)
4.1.5 Distribution shifts of 1958-2014 -
marine species
41.6 Ocean oxygen content 1906-2012 -
4.2.2 Global and European sea Global: Global: All RCPs, A1B GCM ensemble -
level (*) 1880-2015 2081-2100
European: European: RCP4.5 GCM ensemble -
1970-2014 2081-2100
4.3.2 River flows 1963-2000 2080s A1B 4GCMs and 7 RCMs -
4.3.3 River floods 1980-2010 2006-2035, RCP8.5 7 RCM ensemble -
2036-2065,
2066-2095
434 Meteorological and Meteorological: Meteorological: RCP4.5/8.5 RCM ensemble -
hydrological droughts 1950-2012 2050s, 2080s
Hydrological: Hydrological: 2080s  A1B 12 GCM ensemble Economy
1963-2000 First
4.3.5 Water temperature 1911-2014 -
4.4.2 Soil moisture 1951-2012 2030s A1B 12 RCM ensemble -
4.4.3 Phenology of plant and 1982-2011 -
animal species
4.4.4 Distribution shifts of - 2050, 2100 A2, B1 HadCM3 SEDG, GRAS
plant and animal species
4.4.5 Forest composition and - 2100 A1B 6 RCM ensemble -
distribution
4.4.6 Forest fires 1980-2013 2080s A1B RACMO2 drivenby -
ECHAMS
5.1.3 Economic losses 1980-2013 -
from climate-related
extremes (*)
5.23 Floods and health 1991-2015 -
5.2.4 Extreme temperatures 1987-2010 -
and health
5.2.5 Vector-borne diseases Up to 2016 Chikungunya: A1B, B1 COSMO-CLM -
2020s, 2050s,
2080s
West Nile Virus: A1B CCSM3 -
2025, 2050
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Table 1.7 Data coverage of indicators and other quantitative projections (cont.)

Section Indicator/topic Past trends Projections Emissions Climate models Socio-
(longest time scenarios economic
series) scenarios

5.2.6 Water- and food-borne 1982-2010 Vibriosis: 2050 - - -
diseases

5.3.2 Growing season for 1985-2014 -
agricultural crops

5.3.3 Agrophenology 1985-2014 -

5.34 Water-limited crop yield - Winter wheat: 2030 RCP8.5 2 GCMs -

Crop mix: 2050s A1B 12 GCM ensemble -
Wheat: 2060 RCP8.5 16 GCM ensemble -

5.3.5 Crop water demand 1995-2015 2015-2045 RCP8.5 2 GCMs -

5.4.2 Heating and cooling 1951-2014 -
degree days

Quantitative projections not presented in indicator format

314 Changes in global and Global: RCP2.6/8.5 GCM ensemble -
European temperature 2081-2100
and precipitation European: RCP2.6/8.5 GCM ensemble -

2040s, 2080s

4.4.7 Forest pests and diseases 2080s A1B 2 GCMs -

453 Climate change 2050s A1B, A2,B1, 5GCMs We are the
assessments of B2 world,
ecosystem services Should | stay

or should
| go

5.6.2 Tourism climatic index 2080s A2 5 RCM ensemble -

(PRUDENCE)

6.1.1 Projected socio-economic Up to 2100 - - SSP1-5
developments

6.1.2 Projected changes in 2020s, 2050s - - We are the
adaptive capacity world,

Icarus,
Should | stay
or should

I go,

Riders on
the storm

6.2.2 Multi-sectoral hotspots 2 °Cwarming RCP4.5/8.5 10 RCMs -

6.2.3 Multi-hazard exposure 2020s, 2050s, A1B Different GCM-RCM -

2080s combinations

6.2.4 An ecosystem service 2050s A1B, A2,B1, 5GCMs We are the
perspective B2 world, Icarus

6.3 Projected costs of climate 2080s A1B, E1 (EN- 4 RCMs -
change in Europe SEMBLES)

6.6 Vulnerability to climate 2080s A1B 12 RCM ensemble -
change in urban regions

Note: 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;
ECHAMS, 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;
RACMO?2, Regional Atmospheric Climate Model version 2; RCM, regional climate model.

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

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

43


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

44

Introduction

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, 20143, 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'.

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 Sources of uncertainty

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.

e 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).

« 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

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).

«  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
UNFCCQ).

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

«  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).

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).
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Figure 1.3 Relative contributions of three
sources of uncertainty in model-
based 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 (°).

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 (%) approach (Funtowicz and Ravetz,

(°) http://climate-adapt.eea.europa.eu/uncertainty-guidance.

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);

(") 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 changesin 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 statementsin 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

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);

Figure 1.4 Influence of key sources of uncertainty on different types of statement
Climate observation Measurement errors
| —
Impact observation Aggregation errors
Climate trend
< Natural variability
Impact trend
Model limitations
Emission trajectories Climate projection
Climate attribution
[ Non-climatic factors E—— Impact projection
Impact attribution
Societal preferences —— Adaptation needs

Note:

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
(GlZ, 2013; OECD, 2015) and on practical adaptation
examples from Europe (Capela Lourenco 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).
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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.

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

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.

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;
Fussel, 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

Figure 1.5

An integrated framework for the risk of climate-related impacts
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Source:

IPCC, 2014a (Figure SPM.1). © 2014 Intergovernmental Panel on Climate Change. Reproduced with permission.
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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
ARS5'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 map-
based 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' (Schroter 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;
Fussel, 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 (Fussel, 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:

+ along-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).

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

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

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

+ toengage 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.

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.

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

+ Priority 3: Investing in disaster risk reduction for
resilience.

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

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 (""). The following
goals are most relevant regarding climate change
adaptation (and also disaster risk reduction):

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

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

- 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;

(") https://sustainabledevelopment.un.org/topics.

+ 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):

* 40 % cutin greenhouse gas emissions (from 1990
levels);

+ 27 % of EU final energy consumption from
renewables;

+ 27 % improvement in energy efficiency compared
with baseline.

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
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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
Obijective 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).

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) ('?)
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

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 ('3) (see also
Obijective 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) (%),
which was recently merged with the Covenant of
Mayors for Climate & Energy and Mayors Adapt ('),
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.

("?) 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.
(") http://climate-adapt.eea.europa.eu/countries.
() http://mayors-adapt.eu.

(") http://www.covenantofmayors.eu/index_en.html; https://ec.europa.eu/energy/en/news/cities-unite-energy-and-climate-action-new-integrated-

covenant-mayors-launch.
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EU Adaptation Strategy — Objective 2: better informed EU Adaptation Strategy — Objective 3: climate-proofing

decision-making common EU action — promoting adaptation in key
vulnerable sectors

The EU Adaptation Strategy promotes better informed

decision-making by addressing gaps in knowledge * Inthe European Multiannual Financial Framework
about adaptation through various channels. (2014-2020), the EU has agreed that at least 20 % of
its budget for 2014-2020 — as much as EUR 80 billion
+ Climate-ADAPT, the European Climate Adaptation — should be spent on climate change-related action,
Platform ('°), aims to support Europe in adapting including in development cooperation programmes.
to climate change and helps users to access and In order to facilitate Member States' efforts in
share information on, for example, current and programming, principles and recommendations
future vulnerability of regions and sectors, national regarding the integration of adaptation into common
and transnational adaptation strategies, case EU funding instruments have been prepared ().
studies, potential adaptation options, and tools Climate change mitigation and adaptation actions
that support adaptation planning. Currently, it receive more than EUR 114 billion from European
contains more than 1 500 adaptation resources Structural & Investment Funds (ESIFs), of which
in its database, as well as adaptation information almost half — about EUR 56 billion — comes
relevant to all EU policy sectors, information on from the European Agricultural Fund for Rural
countries' adaptation policies and actions, and Development. The European Regional Development
information on EU funding sources. The platform Fund and the Cohesion Fund also make a significant
is continuously updated. In 2015, information on contribution of about EUR 55 billion collectively.
urban adaptation was improved in collaboration The allocated amounts cover 25 % of the overall
with the Mayors Adapt initiative. In addition, ESIF budget, thus supporting the overall objective of
links with relevant other platforms including allocating at least 20 % of the EU's overall budget for
transnational, national and local adaptation climate action (see above) (EC, 2015).
portals are continuously improved. In the future,
information from research projects and from + Under the requirements of the Water Framework
climate services (including the Copernicus climate Directive (EC, 2000), Member States were due to
change service (7)) will also be enhanced. present River Basin Management Plans by December
2015. These plans will be assessed by the European
+ Horizon 2020 ('8), the EU Framework Programme Commission and the results of the assessment will
for Research and Innovation, aims to dedicate 35 % be published at the latest by the end of 2018. Climate
of funds to climate-related research, including change considerations and adaptation strategies will
adaptation. The programme addresses knowledge be looked at both in the plans and in the definition of
gaps such as those identified in the EU Adaptation the programmes of measures. The Floods Directive
Strategy, including the development and testing (EC, 2007) required Member States to carry out
of decision-making support tools, monitoring a preliminary assessment by 2011 to identify the
systems for adaptation, resilient infrastructures, river basins and associated coastal areas at risk of
and the integration of climate change adaptation flooding. For such zones, Member States needed
in sectoral research (health, water, etc.) (see also to draw up flood risk maps by 2013 and establish
Chapter 7). flood risk management plans focused on prevention,
protection and preparedness, and report these by
+ Currently the Copernicus climate change service, March 2016. Climate change should be taken into
the EU programme on observations and climate account. The European Commission will assess these
services to support climate change policymaking, plans and report on the results by the end of 2018 at
is under development with the operational service the latest.

scheduled to start around 2018.
* 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.

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

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

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
evaluation (MRE) systems in Europe
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National adaptation
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I:l No policy

[ ] oOutside coverage

Source: Updated from EEA, 2014, 2015a.

The EU supports the development of regional
strategies (*) that involve several countries and
integrate the consideration of climate change impacts
and adaptation, e.g. for the Baltic Sea region (*'),

the Danube region (%), the Adriatic and lonian

region (%), the Alpine region (%) and the international
river basin district Rhine (?°). Further information

http://www.baltadapt.eu.
http://www.danube-region.eu.

http://www.iksr.org/en.

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://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.
)
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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 (%), 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 Tromsg, 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 Aland 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.

(%) http://www.arctic-council.org/index.php/en.

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.
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Baltic Marine Environment Protection Commission

The Baltic Marine Environment Protection Commission
(HELCOM) (*7) 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 (). Another outcome
of the project was the climate adaptation information
portal 'Baltic Window', which was integrated into
Climate-ADAPT.

) 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.

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 (). 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) (3°)
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) (3"). 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 (*?) 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.
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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) (*4).

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.

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) (*). 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.

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 C3-Alps (%) 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

activities in 12 regions across the Alps and a 'Climate
Adaptation Platform for the Alps' (¥). 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 () 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).

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 '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

3) http://www.alpconv.org/en/organization/groups/WGWater/Documents/guidelines CC.pdf.
34) 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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Policy context

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) (*) 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.

(*) http://www.unepmap.org/index.php-.
(%) http://ufmsecretariat.org/ufm-climate-change-expert-group.

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 (“0). 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.
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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 (CO,), methane (CH,),
nitrous oxide (N,O), 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

increase for several centuries.

+ The current average annual concentration of CO, 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 CO, 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

+ 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:

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
orin 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

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

forest management practices. The current average
annual concentration of CO,, 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 Niflo-Southern Oscillation (ENSO), the North Atlantic
Oscillation (NAQO) and the Pacific Decadal Oscillation
(PDO).
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Figure 3.2

Atmospheric CO, concentrations for the last 800 000 years and since 1959

CO, concentration in the atmosphere in the last 800 000 years
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Note: The CO, concentration until 1955 is estimated from ice-core or deep-sea sediment data. Concentrations from 1959 are obtained from
instrumental measurements from eight different measurement stations.

Source:  Luthietal., 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 'lt 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).

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

Map 3.1

Location of stations with temperature and precipitation data

Temperature data
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Note:

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.

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.

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.

Projected changes in global average surface temperature and precipitation

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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NS Regions where the multi-model mean signal is less than 1 standard deviation of internal variability

Regions where the multi-model mean signal is greater than 2 standard deviations of internal variability and where 90 % of models
agree on the sign of change

Note: Hatching indicates regions where the multi-model mean signal is less than one standard deviation of internal variability. Stippling
indicates regions where the multi-model mean signal is greater than two standard deviations of internal variability and where 90 % of
models agree on the direction of change.

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 CO, 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
GHG emission and
concentration scenarios
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Note: AOGCM, atmosphere-ocean general circulation model; GHG, greenhouse gas.

Source: EEA.
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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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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
etal., 2011; Herring et al., 2014; Christidis et al., 2015).

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).

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).

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

temperature.

+ 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

+ 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).

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

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

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

years in Europe since instrumental records began.

for the highest emissions scenario (RCP8.5).

levels by 2050.

southern Europe in summer.

+ 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

+ 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

+ 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

« 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

Relevance

This indicator shows absolute changes in average
annual and decadal near-surface temperature for
the globe and for a region covering Europe (*').
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.

(*") 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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Note: Running 12-month averages from the ERA-Interim reanalysis are shown, with solid red and blue shading indicating when
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, ECMWEF (%2).

(*?) For further details on the time series and maps, see http://climate.copernicus.eu/resources/data-analysis/average-surface-air-temperature-
analysis.
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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 1.45to 1.59 °Cin 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
etal., 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

Temperature anomaly (°C) relative to pre-industrial
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Note: 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

Temperature anomaly (°C) relative to pre-industrial

20 = ==
15 3 =
1.0 —E E_
05 J =
03 -
-05 g E 1.5
-1.0 —f E— 1.0
3 S
= = 00
3 e — o 0.5
T T T T T T T T T T T T T T T T T
1850 1900 1950 2000
; HadCRUT4 mmmmm NOAA Global Temp mmmmmmm NASA GISTEMP
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

Trends in annual temperature across Europe between 1960 and 2015
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Note: Grid boxes outlined with solid black lines contain at least three stations and so are likely to be more representative of the grid box than
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:

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).

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

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

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.

Map 3.4 Projected changes in mean annual, summer and winter temperature for the forcing

scenarios RCP4.5 and RCP8.5
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Projected change in annual, summer and winter temperature for the forcing scenarios RCP4.5 and RCP8.5
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Note: 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).
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3.2.3 Heat extremes

Key messages

1960 across the European land area.

+ The number of warm days (those exceeding the 90th percentile threshold of a baseline period) have almost doubled since

+ 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
Schar, 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.

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

(Garcia-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 (Tx,),
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

Periods with extreme high temperatures are projected
to become more frequent and to last longer across
Europe during this century (Fischer and Schar, 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 (*3)

(*) 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 Observed trends in warm days across Europe between 1960 and 2015

Observed trends in warm
days across Europe between
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Note: 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,

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 Schar, 2010).
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Map 3.6 Number of very extreme heat waves in future climates under two different emissions
scenarios
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Note: Very extreme heat waves are defined as having a HWMI above 8. For comparison, the 2003 western European heat wave had an average

HWMI of around 3, and the 2010 eastern European heat wave had an average HWMI of around 5. The upper maps show the median
number of very extreme heat waves in a multi-model ensemble of GCMs of the near future (2020-2052) and the latter half of the century
(2068-2100) under the RCP4.5 scenario. The lower maps are for the same time periods but under RCP8.5.

Source: Adapted from Russo et al., 2014.
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3.2.4 Mean precipitation

Key messages

recorded in parts of northern Europe.

is strongest in the summer.

» 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

+ 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

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).

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,

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

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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Source:

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

Boxes that have a thick outline contain at least three stations. Black dots represent high confidence in the long-term trend in that box

Map 3.8 Projected change in annual and summer

precipitation
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Note: This map shows projected changes in annual (left) and summer (right) precipitation (%) in the period 2071-2100 compared with the
baseline period 1971-2000 for the forcing scenario RCP8.5. Model simulations are based on the multi-model ensemble average of many
different RCM simulations from the EURO-CORDEX initiative.
Source: EURO-CORDEX (Jacob et al., 2014).
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3.2.5 Heavy precipitation

Key messages

strongest in Scandinavia and eastern Europe in winter.

+ 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

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

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 Observed trends in maximum annual five-day consecutive precipitation across Europe in
winter and summer between 1960 and 2015
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Note:

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:

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; Giorgj,
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

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

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 Projected changes in heavy precipitation in winter and summer
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Note: 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

such that no significant long-term trends are apparent.

track towards central Europe and the British Isles.

+ Storm location, frequency and intensity have shown considerable decadal variability across Europe over the past century,

+ Recent studies on changes in winter storm tracks generally project an extension eastwards of the North Atlantic storm

+ 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
etal., 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; Bronnimann 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

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

B T T

GCM ensemble

Projected changes in extreme wind speed based on GCM (left) and RCM (right) ensembles

Magnitude of change (m/s)

-l T \ \ I e  Statistical significance above 0.95

-10 -075 -05 -0.25 0.25 0.5 0.75 1.0

0 500 1000 1500km
—

Note: 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

parts of eastern Europe.

+ 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

+ 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

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

Observed annual median and trend of the mean PHI over the period 1951-2010
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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

Trends that are not significant at the 5 % level are cross-hatched. Significant trends are found only for values below a PHI of - 5 over the

Based on the logistic hail model (Mohr, Kunz, and Geyer, 2015) and reanalysis data from NCEP-NCAR (Kalnay et al., 1996).

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

change further.

resources in the Arctic region.

+ 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
+ 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

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 (ICCl, 2015). Recent scientific
work has focused in particular on the Greenland and
Antarctic ice sheets (Shepherd et al., 2012; Joughin

et al., 2014; Noél 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.

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 CO, and CH, 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.
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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

year by the end of summer.

ice is also getting thinner.

+ 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 km? of sea ice per year in winter and 89 000 km? per

* 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

* 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 km? per year in winter (measured
in March) and by 89 000 km? 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).

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/m?

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 CO, 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
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Figure 3.8 Arctic sea ice extent
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Note: 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 min 1975 to 1.25 min 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) (), 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 km?, has,
however, increased from seven in 30 years in the

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

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 km?, 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
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Figure 3.9 Maximum extent of ice cover in the Baltic Sea

Maximum ice extent (km?)

450 000

400 000

350 000 -

300 000

250000
=
\
200000
Y/

150 000
100 000
50 000
0+

O o0 10 0 ® A0 a® o ® O O A0 1O O (® A0 0O o © O a0 o0 1O O (O A0 0O o O O
LN N N N N LN N R A L R N i i R R I S A L O I SFC PO P SN

s Annual e 5-year moving average

Note: 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 Seind and Palosuo, 1996; Seina et al., 2001).

policies to reduce global greenhouse gas emissions, significantly over the 21st century. The best estimate
and eventually concentrations, are successfully of the decrease in maximum ice extent from a model
implemented (Hezel et al., 2014). ensemble is 6 400 km?/decade for a medium emissions

scenario (RCP4.5) and 10 900 km?/decade for a high
Projections of Baltic Sea ice extent under different emissions scenario (RCP8.5); for the latter scenario,
emissions scenarios suggest that the maximal largely ice-free conditions are projected by the end of
ice cover and ice thickness will continue to shrink the century (Luomaranta et al., 2014).
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Figure 3.10 Projected changes in northern hemisphere September sea ice extent
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Note: This figure shows changes in northern hemisphere September sea ice extent as simulated by CMIP5 models over the 21st century under
different emissions scenarios (RCPs). Sea ice extent is defined as the total ocean area in which sea ice concentration exceeds 15 % and
is calculated on the original model grids. The solid lines show the five-year running means under the emissions scenarios RCP2.6 (blue)
and RCP8.5 (red), based on those models that most closely reproduce the climatological mean state and 1979-2012 trend of the Arctic
sea ice, with the shading denoting the uncertainty range. The mean and associated uncertainties averaged over 2081-2100 are given for
all RCP scenarios as coloured vertical bars (right). For completeness, the CMIP5 multi-model mean for RCP2.6 and RCP8.5 is indicated
with dotted lines. The black dashed line represents nearly ice-free conditions.

Source: Adapted from IPCC, 2013b (Figure SPM-7(b)).
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3.3.3 Greenland and Antarctic ice sheets

Key messages

global sea level rise since 1992.

ice sheets.

+ 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

+ 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

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 land-
based, 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

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 (DMl 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

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




Changes in the climate system

few hundred years on average, with previous ones Projections
in 1889 and in the 12th century. It is not currently
possible to tell whether the frequency of these rare All recent studies indicate that the mass loss of the
extensive melt events has changed (Nghiem et al., Greenland ice sheet will increase the global sea level,
2012; Tedesco et al., 2013). Another important with greater radiative forcing leading to greater sea
process that may accelerate the loss of ice from the level rise. Recent studies suggest an upper bound of
ice sheets is enhanced submarine melting of glaciers 16 cm of sea level rise from the Greenland ice sheet
terminating in the sea. Its importance may be greater during the 21st century for a high emissions scenario
than previously assumed. The process has been and somewhat lower values for lower emissions
documented for both the Greenland and the Antarctic scenarios (Church et al., 2013; Flrst et al., 2015). One
ice sheets (Wouters et al., 2015). recent study estimated that the Greenland ice sheet
contribution until the year 3000 will be 1.4, 2.6 and
East Antarctica had a slightly positive mass balance 4.2 m for the emissions scenarios SRES B1, A1B and A2
of + 14 (- 29 to + 57) billion tonnes per year over the (with stabilised greenhouse concentrations after 2100),

period 1992-2011, but, overall, the Antarctic ice sheet respectively (Goelzer et al., 2012; Church et al., 2013).
has lost on average approximately 70 billion tonnes

of ice per year, as West Antarctica and the Antarctic On multi-millennial time scales, the Greenland ice sheet
Peninsula have lost 65 (39 to 91) and 20 (6 to 34) shows threshold behaviour due to different feedback
billion tonnes per year, respectively. The floating ice mechanisms. If a temperature above the threshold is
shelves have also become thinner (Paolo et al., 2015). maintained for an extended period, the melting of the
From 1992 to 2015, the ice loss of the Antarctic ice Greenland ice sheet could self-amplify, which would
sheet has contributed approximately 5 mm (2 to eventually result in near-complete ice loss (equivalent
7 mm) to the global sea level (Clark et al., 2015). All in to a sea level rise of about 7 m). Coupled climate-ice
all, the ice sheets have contributed to about one-third sheet models with a fixed topography (that do not

of the total sea level rise since the 1990s (Shepherd consider the feedback between surface mass balance
et al.,, 2012; Barletta et al., 2013; Vaughan et al., and the height of the ice sheet) estimate that the global
2013; Helm et al., 2014). A recent study of Antarctica mean surface air temperature threshold above which
suggests, however, that the snow accumulation has the Greenland ice will completely melt lies between
exceeded the mass loss from ice discharge, leading 2 and 4 °C above pre-industrial levels (Rae et al.,

to the equivalent of an annual 0.23 mm sea level 2012; Church et al., 2013; Fettweis, Franco et al., 2013;

depletion between 2003 and 2008 (Zwally et al., 2015). Vizcaino et al., 2015). In contrast, a study modelling

Figure 3.11 Cumulative ice mass loss from Greenland and Antarctica
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Note: The figure shows the cumulative ice mass loss from Greenland and Antarctica derived as annual averages from more than

100 assessments. The uncertainty interval is estimated from the 90 % confidence intervals (5 to 95 %) of the individual studies.

Source:  Shepherd et al.,, 2015, updated from 2012.
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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).

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).

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

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 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).
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3.3.4 Glaciers

Key messages

and damage to infrastructure.

+ 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

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) (Radi¢ 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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Source: Radi¢etal., 2014.
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3.3.5 Snow cover

Key messages

at 13 % for March and April and 76 % for June.

and in Europe over the 21st century.

+ 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,

» 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

+ 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

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