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Abstract

TheJRCPESETA IV study shows that ecosystems, people and economies in thidl Elde major impacts from
climate change if we do not urgently mitigate greenhouse gas emissions or adapt to climate chahgdaurden

of climate change shows a clear norbouth divide, with southern regions in Europe much more impacted,
through the effeds of extreme heat, water scarcity, drought, forest fires and agriculture losses. Limiting global
warming to well below 2Cwould considerably reduce climate change impacts in Europe. Adaptation to climate
changewouldfurther minimize unavoidable impact® a costeffective manner, with considerable doenefits

from nature-based solutios.
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Executive summary

Policy context and purpose

Climate change is one of the biggest threats for humanity, seriously affecting people and natlite the Green

Deal for Europe théeU strives for keeping our planet healthy and aspires to become the fiestbon-neutral
continent in the world by 2050Despite tlis ambitionandthe target of the Paris Agreement oflimate Changé

to keep global warming well below 2°C compared to jimeustrial temperatures, greenhouse gas (GHG)
emissions worldwide are still growing. Global temperature is now around 1°C higher compared to the
preindustrial era and if adequate mitigation strategi@se not introduced, global warming could reach 3°C or
more by the end of this century.

The primary purpose of the PESETA IV study is to better understand the implications of climate change for the
EU. Looking at a range of impact categories this repornoaunicates what sectors and regions of the EU could
be most affected and how mitigation and adaptation options can avoid the adverse effects of climate change.

Scenario design

PESETA |V evaluates the benefits (avoidedativeimpacts) of reducing GHG essions andthe potential of
adaptation measuresat EU sectoral level. For this, it quantitatively assesses sectdlidate change impacts
(damagey in the future whenmitigation and adaptation policy actiortake place compared to a situation where

no palicy actionsare undertakenFor the scenario without climate policy actions, impacts are assessed at global
warming of 3°C and no adaptation. The mitigation benefits of achieving the Paris warming targets are evaluated
by estimating impactswvith 1.5°C and 2°C global warming.

The evaluation ofkocioeconomiémpacts is made within a specific setting of the state of the economy. That

can be static (the economy as of today) or dynamic (the economy of the futiekults of the static approach

showcjr Rbgj]\Vghr\ mhdi b\ i _H ~ gd hpopolatidn‘arddconbmy fThig allogvsth d h k \ ~ o
single out the effect of climate change andavoics to make assumptions ofdemographic and economic
developments over long time spans, which are highly underta the dynamic approach, the economy of the

future is based orECFIN Ageing Report projections of population and econbtogt of the analyses follow the

static anddynamicapproachwhile the assessment of theoverall effect on the economy is based anstatic
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For some key impacts of global warming, like coastal flooding due to rising sea levels, the costs and benefits
of adaptation options are explicitly modelled. For other sectors this is currentlyfemdible at panEuropean
scale and adaptation options are considered by reviewing the available literature.

Impact categories

PESETA IV assesses the consequences of climate change for eleven dlimpatet categories: human mortality
from heat and cold waves, windstorms, water resources, droughts, river flooding, coastal flooding, wildfires,
habitat loss, forest ecosystems, agriculture and enesgypply. The project uses a combination of procesased
empirical and multtcommodity marketmodels that translate higkresolution projections of climate conditions
corresponding to different global warming levels into biophysical and economic impacts.

Interpretation of the results

The study mcludes as many climate change impacts fesasible at present, but is notomprehensive in terms
of the broad range of potential consequences of climate changey impacts nostudiedinclude those related
to aquatic and marine ecosystems, wateand vectorborne diseases, air qualitydisplacement ofpeople,
conflicts and security the irreversible damage to naturand species losses, and the potentially daunting
consequences of passing climate tipping pointhe effecs of extreme eventsare alsonot fully capturedin all
covered sectorssuch as thae of heat stress oncropyieldsand droughts on energy production

1 Adoption of the Paris Agreement FCCC/CP/2015/L.9 (UNFCC, 2015).



This implies that the biophysical and economic impacts quantified in PESETA IV serve as a lower bound of the
potential impacts of climate change in the ELhi§ study shouldherefore not be interpreted as a complete
assessment of the benefits of climate mitigatioand adaptation actions in the EU, whicbuld be largetthan

those presented in this report.

Extensive review reports on the potential impacts of climate change, like the B8&smenReports, cover a
wider range of impacts based on numerous studies. The added value of PESETA IV is thatdtamsesstent
set of socioeconomic and climate scenaritbgt allows comparisons of impacts across sectors and regiarfis
the EUto be made

Estimates reported in this report are inherently uncertain dueuttcertainties in climate and socioeconomic
projections, the biophysical and economic models implementedthadiata used to conceptualise and validate
them. Estimatespresented hereishouldthus not be interpreted asorecass or definitive prediction®f future
impactsfor a particular place region or countryRather, they ainto provide insights regarding the general
patterns of climate change impacts across the Blbd the potential benefits of climate policy actions

Key findings

Ecosystems, people and economies in the EU are projected to face major impacts from unmitigated ¢
change

Without climate mitigation(warming of 3°C or more above pii@dustrial temperature)and adaptation
actions the EU could face the following impacts:

1 The alpine tundra domain would contract by 84% and practically disappear in the Pyrefleesatural
climatic tree line would shift vertically up by up to 8 m/year.

1 Ecological dmains would shift northwards, resulting isevere changes of the prevailing domains
southern Europe and Boreal areaad the encroachment of the Tropical domain in Europe.

1 Wildfire and pest outbreaks would become mor&equent and severe,increasng biomass loss and
carbon release.

1 An additionall5 million Europeans living in the proximity of wildland would be exposed to -high
extreme fire danger for at least 10 days/year.

1 Each year nearly 300 million citizens the EUand UKwould be exposed to deadly heatwaves, resulti
in a 30-fold rise in deaths from extreme heat (90,000 annual deaths compared to around 3,000 €
year today).

1 Water resources availability would drop by up to 40% in southern regions of Europe and dronghitd
happen more frequent in most of southern and western Europe.

1 Water scarcity and drought would increasingly affect agriculture, energy production and water sup
regions that already suffer from water stress

1 In the absence of international maek adjustments, crop yields would drop by more than 10%
southern Europe.
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1 Almost half a million peoplen the EUand UKwould be exposed to river flooding each year, or nea
three times the number at present, and river flood losses would rise#@l in magnitude, reaching nearl
0+hHO] dgwitd3°Cin 21000 mh

1 Coastal flood lossesn the EUand UK would grow by two orders of magnitude and climb to 25
Ol dggdji*t \mhdi h-, ++' hrcdg h-)-hhdggdj i hk j
to 100,000 at present.

1T Dah.®>hbgjl\Vghr\mhdibhrjpg_Hj""pmhhd Elhand UKould?
represent1.4% of GDP, when considering a limited set of climate impactee( flooding, coastal

flooding, agriculture, droughts, energy suppigortality from temperature extremesand windstorms).
With 4°C global warminginnual wefare loss would be 1.9% of GDP (PESETA ).




The burden of climate change shows a clear nesthuth divide, with southern regions in Europe impac
more

The south of Europe is expected to suffer relatively more than other parts of Europe with increasing
of global warming, in large because of consequent changes in ‘d@gt temperatures and the spatial an
temporal availability of water.

il

The freqeency of heatwaves rises more dramatically in the south of Europe. With unmitigated clir
change, human exposure to severe heatwaves would be multiplied around 30 times at higher latit
while it could be 40 to 50 times more in countries in southernr@&e (e.g., Spain and Greece).

During summer, water availability would nearly drop to half in southern European regions that alr
face the highestwater stress. Water resources in northern Europeuld increase.

Electricity prodation by hydrgpowerwould increaséan the north,while hydro and nuclear poweawrould
reducein southern Europe due to lower water availability for direct production and river caoling

Without market adjustments, wheaand maizeyield would drop bymore than 10% on average in
southern Europeln northern Europe wheat (maize) yielauld increasddecreaseby around5%.

With high warmingnearly half of total EUand UKdrought losses would occur in Mediterranean
countries, compared td0% at present.

In southern mountai ranges the rate of upward tree line shift is double than that at high latitudes, ¢
the alpine tundra would almost completely vanish with high warming.

The rise in fire danger and exposute it of people near wildland is stronger at lower latitudes

Welfare lossesfrom the climate impacts monetised in PESETAhRdw a clear nortksouth divide with
welfare lossesn southern regionshat would beseveral times larger compared tihose inthe north of
Europe.

Climate mitigation can considerablgwer the impacts of climate change in the EU

All climate impacts considered in PESETA IV would be reduced significantly with mitigation polices at
the Paris Agreement targets:

il

More than half of the alpine tundra would remain stable, comparedotdy 16% without mitigation.
Vertical tree lines shifts would be reduced by more than 50%.

Theintensity of changein the prevailingecologicaldomains in southern Europe and Boreal areasd
the encroachment of the Tropical domain in Europeuld be limied.

The increase in the number of people near wildland that are annually exposed to at least 10 da
high-to-extreme fire danger would be limited to 5 million, compared t& illion with 3°C global
warming

The number of people annually exposed deadly heatwaves would be reduced by 200 million w
60,000 fewer deaths per year.

The drop in water resources availability in southern regions would be halved. The number of people
in areas with severe water stress would remain stable, compai@d fourfold multiplication with high
warming.

Annual droght losses would be reducedby 201 dggdj i *t >\ m) R f

Each year around 230,00@ewer people would be exposed to river flooding anger flood damage
ripg_hA]l Ac\ gqg  _\With]1.5G in ZL@] cdngparedjtoia’3°C scenarfp.

Coastal flood lossesvould be lowered t Hhhj m> hoc\i i, ++fH O] dggdj i *t

Welfare losses could be reduced %% compared to unmitigated climate change




Climatechangeadaptation can reduce unavoidable impacts of climate change in the EU in aeffisient
way

Evenif global warmingwere limited to well below2°Cthere will be unavoidable impacts in the EU. PES
IV exemplifies, through pa&uropean assessments of the costs and benefits of risk reduction measure
river and coastal flooding, that adaptation can reduce climate change impacts in aefisient way.

The analyses show that thebenefits of adaption measuresare long lastingand avoided tmate change
damage growg in time and with increasing global warmintn case ofunmitigated climate change

|l

reducing flood peaks by installing retention reseingowould reduce annual river flood damage at th
end of the century by nearly 4@billion and around 400,000 fewer people would be exposetth year
to floodingin the EU and the UKThe annual investment from now until 2100 to install and maintg
the reservoirs would be 3.%billion/year There are additional benefits of natudeased storage areas|
such asrestoring the natural functioning of floodplain areas and improving ecosystem quality

strengthening protectioralong coastlines of populated and economically pivotal coastal areas w(
avoid 220 (rillion of coastal flood losses each year in the Bdd UKat the end of this centuryfor an
annual costof less than 2 villion/yearfrom now until 2100. Also 1.4 milbn fewer people would be
exposed each year to coastal floodinthe effects of global warmingn sea level risevill continuelong
after stabilising the climate hence so will the benefits of coastal adaptatiofin unavoidable drawbac
of the strong risein sea levels and consequent need for adaptatisrthat in about 25% of the coastline
of the EU the sea would be disconnected from the hinterland by natural or physical barriers, wh
some regions carve up to two metes high.




Main findings for different impact categori es

Human mortality from heat and cold waves

Global warming will result in a strong net increase in exposure to and fatalities from temperature extremes,
assuming there is no adaptation. Regarding heatwawsgh 1.5°C around 100 million Europeans would be
exposed each year toraintense heatwave dorresponding taa present50-year or more extreme heatwave
event), or tenfold compared to now. This further grows to 170 million/ywih 2°C and nearly 300 million/ya,

or more than half of the Eland UKpopulation,with 3°Cglobal warming The rise in exposure to extreme heat

is most severe in southern Europe.

Assuming present vulnerability and no additional adaptation, annual fatalities from extreme heat could rise
from 2,700 deathgyearnow to approximately 30,00@nd 50,000by 2050 with 1.5°Cand 2°C global warming,
respectively. With 3°C in 2100, each ye#0,000 Europeans could die from extreme hedthe rise in fatalities
from extreme heat is more acute in sooérn European countries, with the highest number of fatalities occurring
in France, Italy and Spain.

With respect to cold waves, milder winters will reduce significantly exposure to and fatalities from extreme cold,
which are already a fraction of the debt from extreme heat.

These projections do not account for the fact that the European population is ageing. The humpeoplie
above 65 years in the EU arldKwill grow from 100 million now to 150 million by 2050, which could negatively
affect human motality from temperature extremes. Further, increasing urbanisation could amplify the urban
heat island effect, which causes urban and metropolitan areas to be significantly warmer than their surrounding
rural areas.

Windstorms

Windstorms are amongstthdhj nofh _\ h\ bdi bhi Vopm\ghcl\u\m_nhdi h @pmj k°
estimated annual losses in the Eihd UK Climate model projectionsuggestthat windstorms will not become
more intense or happen more frequdntwith global warming over most oftte European land.

With 3°C warming, maximum wind speeds will likely reduce over 16% of the land area, increase over nearly
10% and remain relatively stable over the rest of Europe. Southeumope is the region with the largest share

of the area with an mcrease in wind extremes (17%), while centigéstern Europe has the largest share of
land for which less intense wind extremes are projected (24%). Furthermore, the number of windy or stormy
days does not show significant changes, while there is a roldesdency projected towards more calm days
over most of Europe.

Current models project that windstorm losses will not grow due to climate change. Future economic damage
from windstorms willincreasedue to the size of the economy and consequent higher eslwf the exposed
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Water resources

Global warming will result in a general wetting of therth of Europeand a drying of the southThis results in
increasing wateravailability in thenorth and a reduction in thesouth The duration and intensity o#vater
scarcitywill grow inalready existing water scarce areds southern EuropeAt higherevels of warming, water
availability, especially in summer, will also drop in western parts of Europe and at higher latitudes. As a result,
new areas that face periods of water scarcity will emergecountries like Bulgaria, Romania FrapBelgium,

the NetherlandsGermanyDenmark, and the UK

The number of people who are living in areas that are considered to be water scarce feasttdne month
every year could rise from 52 million nowadays to 65 million in a 3°C warming scenario, which is equit@len
15% of the current Eland UKpopulation.The number of people living in severe water stress, now around 3.3
million, would become fourfold with unmitigated climate. In parts afuthern Europgeduring summermonths
practically all available water wilbe used, andhe majority of people and economic activities in these regions
would face water scarcity



Droughts

With global warmingdroughts will happen more frequelyt last longer and become more intensesouthern

and western regionsf Europe, while drought conditions will become less extremedrthern and northeastern

parts of Europe. The Mediterranean region is projected to have the largest relative area affected by an increase
in drought with global warming: the frequency of drghts increases acrostsvo-thirds of the region in a 1.5°C
warming scenario. This rises tmore than 80%of the regionwith 3°C warming, with23% of the region
experiencing a doubling in the frequency of droughts compared to nowad&lge.across15% of the Atlantic
region droughts will happen twice as often with unmitigated climate change.

With 3°C global warmingn 2100 total losses from drought in Europe would grow from(illiorn'year now to

45 Cnillion/year Under the mitigation scenaricthe rise indamage in 2100 would be approximately halved
compared to no mitigationThe Mediterranean and Atlantic regions see the largést indroughtlosses from
global warming. feir sharein the total EUand UKdroughtlosses progessively increases with warmgnand
would grow to &% with 3°C warmingPart of the projected rise in future economic losses from droughts is due
to the growth of the economy. Yet, changestire economyalso dampenfuture losses when compared to the
size of the economypecause droughsensitive sectors, and especially agriculture, are projected to become less
economically prevalent in future EU economies

River floods

Global warming and continued development in flood prone areas will progressively increase river flood risk.
With 3°Cglobal warming by the end of the centuryiver flood damagein the EU and UKvould be sixtimes
present losse®f7.80] d g g dapdineéatly half emmillion people would be exposed to river flooding each year,
compared to 170,000 nowKeeping global warmingith 1.5°C would halve theseconomidmpactsand reduce

the number of people exposed by 230,000

Adequate adaptation strategies cdurther substantially reduce future flood impacts. Four adaptation options
have been exploredt pan-European scatereducing flood peaks using retention areas, strengthening existing
dyke systems, implementing buildifigased damage reduction measures, and relocation.

Reducing flood peaks using retention areas shows the strongest potential to lowectdmpacts in a cost
efficient way. Implementing the optimal design for the 3°C warming scenario would redoirthe EU and UK
ViV g m\b A\ iip\lghdi g noh i of | a2fh00 JundiscOutat gajuds), ivtich = \ mf j g
would lowereconomé damagefrom flooding by 40 O] d g g d82% tetluctiomjaf)the end of the century.
Additional benefits include the restoration tfie natural functioning of floodplain areaand herebyimproving
ecosystem quality. Strengthening existing dyke systems akso preventfloods from happering (reducingthe
expected damagevith 68% for the 3°C warming), yet they can transfer risk downstream and stimulate further
development behind the flood barriers. Implementing buildivegsed damage reduction measures do not avoid
floods,but they canreduceEU expected damagey 50% for the 3°C warmingscenarigand this in a very cost
efficient manner because they requitienited implementation investments. Relocatidn less costefficientand
subject to large variability in thémplementation cosd, and has lower social acceptance.

Coastalfloods

Extreme sea levels in Europe could rise by as much as meé&e or more by the end of this century due to
global warming. Consequent dama@®m coastal flooding will rise sharply for all EU countries with a coastline

if current levels of castal protection are not raised. Without rigation, annual economic damaga the EU

and UKwould grow to 239Cbillion by 2100 and the population exposed to coastal flooding would reach 2.2
million. With moderate mitigation the damage would be reducecchy g a f # o j fy&ap andthelexpasedd j i
population would be 1.4 millidgear, still significantly greater than at present (1@illion'year ofdamage and

0.1 millionpeople annuallypopulation).

The potential of raising dykes to reduce coastal impabts been assessed as an adaptation option, likely an

pil\gqgjd _\]g hAnom\o bthVgjibh_"qg gjk  _Hhnom o”c nhjah@pn
sea level extremes. Raising dykes would reduce damage and the population affected by 80%hdnd 60%

in 2100, respectively. The average annual cost of adaptation over the period would be less than 2
Goillion/yearfor the EU and UKwhich is about two orders lower than the avoided coastal flood losses by the

end of the century. This means that investing now in coastal protection will have very large (and growing)

benefits in the long term.



The protected areas would be the urbanisadd economically important areas, and cover about one fifth of
the European coastline. The average raise in protection over these stretches is aroumdedree but in some
places more than twanetres. This implies that along many densely populated andmamically pivotal coastal
stretches of the EU the shoreline may become disconnected from hinterland areas.

Wildfires

Theprobability of highto-extreme wildfire danger is projected to rise nearly everywhere in Eur@pa result
of changing weather coditions associated with global warmin@he projected increase in fire dangitensity
and number of days with higliire potential amplifies with the level of warming, anid strongest in southern
European countries, whefaes already occumore often and are moreintense.Yet, recent events in Sweden,
Ireland and the UK shothat fires are not limited to ®uthern Eirope

The number of peopl@n Europethat live near wildland andhat are exposed to higkto-extremelevels offire
danger for at least 10days per year would grow bySLmillion (+24%) with 3°Cglobalwarming compared to
now. When limiting global warming to 1°& this would be D million fewer people.

Climate change would also result in major shifterthwardsof ecological domainsEspeciallysouthern Europe
and Boreal areas would experience severe changes in the prevailing ecological domain compéfights.
levels of warming also increase the likelihood that the Tropical domain would encroach in Eurbgprofound
transformation of bioclimatic conditionsvill outpacethe time required for vegetation to adapt to @&nd posea
main stresson the structure and composition of wildland vegetation (forests, shrub and grasslafiis will
increas the vulnerability to fires, but alsaffect vegetation recovery after the fire

Stringent mitigation would limit the contractions and expansions. Yétigation alone is not enough to avoid
adverse climate change impacts and adaptation strategies will be needed in order to enisax@d ecological
resilience to wildfires.

Alpine tundra habitat loss

The alpine tundra domain occurs at the top of high mountains in Europe and about 98% of its domain is in the
Pyrenees, Alps and Scand@fie domain igich in biodiversity anghrovideskey ecosystem servicesup to the

tight ecologicalclimatic bands in mountains, climate change could have major effects on alpine ecosystems.

a 3°C warming scenario, the alpine tundra domain over Eurepeldshrink by 84% of its present size, inclugin

the loss of precious Natura 2000 sites. In the Pyrenees high warming could lead to a near disappearance of the
alpine tundra, while in the Alps and Scandes it wosidink by around 75% and 87%espectively of its present

size. Limiting warming to 1.5°®ouldrestrictalpine tundra contraction to 8%, most strongly in the Alps where

the domain contraction would be limited to a loss of 36%.

The natural climatic treeline is projected to move vertically upwards by up ton8etres every year with
unmitigated climate change. The rate of treeline shift is generally faster at lower latitudes, where climatic
treelines are already higher. In the southernmost mountain regions the treeline moves upwards by areiind 6
m every year in the 1.5°C warming scenario, congzhto 2-3 m/year at high latitudes. In a 3°C warming
scenario, the treeline in the Pyrenees could Hse642 m, in the Alpsy 526 m and in the Scandeby 336 m.

The projected changes have implications for vital ecosystem services, habitat for biodiyeasil recreational
services such as skiing. Adaptation is challenging because of the unique topographic, soil and climatic
characteristics of high mountain systems.

Forest ecosystems

In recent years, about4 billion tomes of forest biomassin the EUand UK or two third of the total biomass,
was found to be potentially vulnerable to natural disturbances. Nearly half of that amount (46%) is threatened
by windstorms, followed by forest fires (29%) and insect outbreaks (25%). Hotspot regions with high forest
susceptibility to windstorms, fires @hinsect outbreaks are located in both southern and northern Europe. This
spatial pattern is strongly controlled by the interplay of forest characteristics with the background climate.

Over the last two decades, an increasing amount of forests in Europs become vulnerable to insect
outbreaks, particularly in highatitude regions. The combination of rising temperature and changes in
precipitation in the last two decades hkalikely reduced plant defence mechanisms and increased their



vulnerability to ingct outbreaks. No clear trends can be detected in the forest vulnerability to windstorms and
fires over this period.

Global warmings likely to increase natural disturbances in the future, especially those from fires and insect
outbreaks that are more gesitive to climate. As a result, key forestcosystemservices- such as carbon
sequestration erosion control, water regulation or wosdpply- could be seriously affected in the near future.

Agriculture

dimate change is expected to lower grain maipetential yield by-11% and-5% on average in southern and
northern Europe respectively under28C warming scenaoi In the absence ofrrigation, declines in yield of

over 20% are projected for all EU countries, with crop losses up to 80%ome southen Europearcountries
(Portugal, Bulgaria, Greece and Spain). This implies that grain maize production may no longer be viable in areas
whereirrigation is restricted due tavater scarcity and precipitation significantly decreas&sen aaptation
strategies, such as changing sowing dates and the sown variety, would not suffice to offset the projected strong
reduction in rainfed grain maize yield.

The production of Wweat, whichis mostly a rainfed crop in Europewould increaséy 5% on average inorthem
Europebecause of changing precipitation regimes, anticipatedgrowing cycle anénhancedCQ fertilization.

In southernregions ofEurope however, yield reductions of 12% are estimated (in some areas yields could be
halved) due to the strong decrease precipitation However, banging varieties could have large beneficial
effect for rain-fed wheat production.

The negative effects of climate changen crop yield in Europe projected by biophysical models may
considerablybe reduced by changes induced byarket adjustments given thesevereclimate change impacts
onlarge agricultural producersutside EuropeTherefore, EUnpductioncould slightly increase because Europe
is projectedto have a comparative advantage versother worldproductionregionswith larger negative effects

in terms of climate change impacts on agricultural productivity.

Energy production

The effects of climate change on different power sources wénroughout Europeand depends on the future
enegy mix In northern Europe, where there is already high capacity for hydropower, the increase in water
resources aailability with global warming ould lead to more hydropower production. Since hymdneerhas a

lower marginal cost compared to thermal saigs, the demand for power from thermal sources lik®mmass,

coal, gas and oil woulceduce in these regions. Depending on the local electricity production mix, the substitution
effect is different, e.g. mainly biomass in Sweden, coal in Finland, oitiu&hia and gas in Latvia. Thigould

lead to economic benefits imorthern Europe of around 1.8billiorvyear (2015 values)with 3°C warming.

In southernregions water resourceare expected to become scarcevith increasing levels of global warming.
Thiswould resultin a reduction in hydropower and nuclear production. The substitutjomorn-nuclear thermal
plants that have higher marginal production costeuldleadto an increase in production costs by aned 0.9
Goillionvyear (2015 valueswith 3°C warming.

The direct impacts of climate change on wind and solar production are not significant. However, in the 2050
power system that is in line with a 2°C mitigation scenawmd and solarcapacity would increase in southern
regions to compensate for the lost hydoowerand nucleampowerproduction.

Economic integration

Seven climate impact categories have been assessed in broader economic terms, assuming that future climate
would happenjt _\t A #”j hk\ m\odg Anol\od” "hAn  oodi bh\ nnphdi bfho]j
coastal floods, agriculture, energy supply, droughts, windstorms and human mortality. The economic
assessment does not evaluate the full economic impacts of clienehange because of the limited coverage of
climate impacts.

Exposing present economy to global warming 6fC3vould result in an annual welfare loss of 0] dggdji f
(1.38% of GDP). Under @°C scenario the welfare loss would be380O] d g g d j B% bdf GDmR)AHwhile ) 1
restricting warming to 1.8Cwould reduce welfare lossto20] d g g d j 8% of GDPWHESET peltimated
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a welfare loss of 19% of GDHor a 4°Cwarmingscenariq indicating that economic impacts further grow with
the intensity of globawarming

Human mortality from extreméheat dominates the economic climate impacts, but its contribution is strongly
dependent on the monetary valuation of human life. The magnitude of welfare losses in southern regions of
Europe is estimated to be several times larger compared to that in the north. Welfasses related to te
impact categoriesconsideredwould be substantially reduced when reaching the Paris Agreement global
warming targets. In particular, limiting warming t°C would halve economic impacts compared to38C
scenario, while achieving theringent Paris target oflL.5°Cwould lower welfare loss by 75%.
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1 Introduction

Climate change is among the biggest threats for humanity, seriously affecting human heahie natural

environment, and security. Despite the ambition of the Paris Agreemémn Climate Change to keep global

r\ mhdi bf¥r > ggh] g]j -infustr@di>témpetajuteskandrto pufsue ja nérenambitious goal of
,)0®>"hbm “icjpn b\ nh hdnndjinfhrjmg_rd_" A\ m hnodgghbhb
compared b the late 19" century, the likelihood that global warming will surpass the Paris tasgstgrowing.

If adequate mitigation strategies are not introduced global warming could reach 3°C or mog4.0§.

The EU is preparing to minimise future impacts ofawoidable climate change in its member statéisrough

the EU Adaptation StrategyA keyobjectiveof the strategyis to promote better informed decisiemaking by

refining knowledge gapédentifyingandaddressng them)and enhane knowledge sharing andansfer across

Europe. Action 4 of the Strategin particularaimsto bridge the knowledge gap fosomekey unknownsThese

include 'information on damagea mj h f ~ g d h\aod'ofg * §\¥4] b 'i ¥» a d cadafptation.dlimajen on f j a f
impacts in Europe are not yet fully understood and quantified, especially with regard to extremes or impacts on
ecosystems and security. Moreover, there is a clear nfeda better understanding of how climate impacts

could be reduced with sectat adaptation measures and at what economic cagtany of these issugremain

challenging research topsc especially the quantification athe vulnerability of people, economic sectors and

ecosystems to climate change and the economic analysis of adaptati

The series of PESERrojection of Economic impacts of climate change in Sectors of the European Union based
on bottom-up Analysisprojects of the Joint Research Centre (JRCthe European Commissiaim to redue

the knowledge gap on climate chaadmpacts and adaptatiorilTogether, theyepresent a continuous effort to
integrate cumulated and new JRC reseatohbetter understand some of the key potential consequences of
future climate changein the EU, both in biophysical and economic terms, ahé tosts and benefits of
adaptation. This is relevarfor the ongoing development and implementation Bropean climategolicy on
mitigation and adaptation

This report summarises the maimutcomesof the JRC PESETproject.The project integrates a@mmon set

of climate scenarios and socioeconomic data with detailed biophysical process simulation and economic
modelling. Impacts are estimated for the warming targets set out in the Paris Agreement@hbd 2°C) as

well as a higler level of warming (3€) which is closer to what could be expected by the end of the twefirst
century without adequate mitigation The assessment looks at effects on people, economic sectors and the
environment based on bottorup impact analyses for agriculture, energy, river flooding, coastal floods, drought,
habitat loss, forest fires, water, human impacts of heat and cold wavesgst ecosystems, and windstorms.

The JRC PESETMAprojectimproves and widenghe overall assessment along its three main dimensipns
compared to JRC PESETIA Firstly,a larger ensemble ofclimate scenarioss used to better account for
uncertaintes in both greenhouse gas emissions and in the climate modilat translate these emissions into
climate projectionsSecondly, newmpact categoriesare included in theimpact modelling:mortality from
extreme heat and cold.economic losses and fatalitieffom windstorns, economidosses from droughtand
impacts onforest ecosystemsThirdly the river and coastal floodnalysesexplicitly model adaptation following
a costbenefit approach, while agriculture also considers adaptation to some exkmtthe otherimpact areas
possible adaptation optionare discussed

The study includes as many climate change impacts as feasible at present, but is not comprehensive in terms
of the broad range of potential consequences of climate changee project performé assessments of impacts

for several climate extremes (heat and cold waves, drought, windstorms, river and coastal flooding), yet some
sector impact analysis nodo fully capture the consequences of changes in such extrentdence, the
biophysical and ecammic impacts quantified serve as a lower bound of the potential impacts of climate change

in the EU. Estimates reporteldere are inherently uncertain and should not be interpreted fasecasts or
definitive predictions of future impacts for a particulgslace, region or country. Rather, they aim to provide
insights regarding the general patterns of climate change impacts across the EU and the potential benefits of
climate policy actions.

! https://www.who.int/globalchange/globeampaign/cop21/en/

2 https://www.ipbes.net/glal-assessmentreportbiodiversityecosysterservices

3 https://www.pewresearch.org/global/2019/02/10/clireathangestill-seenas-the-top-globak threat-but-cyberattacksa-rising-concern/
4 Adoption of the Paris Agreement FCCC/CP/2015/L.9 (UNFCC, 2015)
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The audience of this reportisthie j g d * t tomrhunity thétefore it is intended to beconcisewith a non
technical languageThe report does noénterinto the technical aspects of thelimate impact and adaptation
assessmentwhich can be found in the related JRC technical replisted below

Barredo J |, Mauri And Caudullo G (2020)mpacts of climate change in European mountaindlpine tundra
habitat loss and treeline shifts under future global warmjriglJR 30084 EN, Publications Office of the European
Union, Luxembourg, ISBN 9B2-76-10717-0, doi: 10.2760653658, JRC115186.

Bisselink B, Bernhard J, Gelati E, Adamovic M, Guenther S, Mentaschi L, BegaelRoo A (2020)Climate
af I ec _ 1 b CspmnEURRIELEN,pblicatiores @ffice af the European Union, Luxembourg,
ISBN 97892-76-10398-1, doi: 10.2760/15553, JRC118586.

Cammalleri C, Naumann G, Mentaschi L, Formetta G, Forzieri G, Gosling S, Bisselink B, BedFaydn L
(2020). Global warming and drought impacts in the EEUR 29956 EN, Publications Office of the European
Union, Luxerbourg, ISBN 9782-76-12947-9, doi:10.2760/597045, JRC118585.

Costa H, de Rigo D, Liberta G, Houston DurramdSanMiguetAyanz J (2020)European wildfire danger and
vulnerability in a changing climate: towards integrating risk dimensjdfidR 30116 H, Publications Office of
the European Union, Luxembourg, ISBN:-92876-16898-0, doi:10.2760/46951, JRC119980.

Després Jand Adamovic M (2020)Seasonal impacts of climate change on electricity productiBbdR 29980
EN, Publications Office of the Europe&nion, Luxembourg, ISBN 9B2-76-13095-6, doi:10.2760/879978,
JRC118155.

Dosio A(2020). Mean and extreme climate in Europe under 1.5, 2, and 3°C global warrgid&® 30194 EN,
Publications Office of the European Union, Luxembourg, ISBN92786-18430-0, doi:10.2760/826427,
JRC120574.

Dottori F, Mentaschi L, Bianchi A, Alfieri L and Feyen L (2@@@pting to rising river flood risk in the EU under
climate change EUR 29955 EN, Publications Office of the European Union, Luxembourg, ISBO-98
12946-2, doi: 10.2760/14505, JRC118425.

Forzieri G, Girardello M, Ceccherini G, Mauri A, Spinoni J, Beck P, Begé&ekcatti A (2020)Vulnerability of
European forests to natural disturbanceEUR 29992 EN, Publications Office of the European Union,
Luxembairg, ISBN 97892-76-13884-6, doi: 10.2760/736558, JRC118512.

Hristov J, Toreti A, Pérez Dominguez |, Dentener F, Fellmann T, Elleby C, Ceglar A, Fumagalli D, Niemeyer S,
Cerrani |, Panarello &nd Bratu M (2020) Analysis of climate change impacts on EUrigglture by 2050 EUR

30078 EN, Publications Office of the European Union, Luxembourg, ISBN9®7&-10617-3, doi:
10.2760/121115, JRC119632.

Naumann G, Russo S, Formetta G, Ibarreta D, Forzieri G, Girardello M and E2920)LGlobal warming and
human impacts of heat and cold extremes in the, HUR 29959 EN, Publications Office of the European Union,
Luxembourg, ISBN 9782-76-12954-7, doi:10.2760/47878, JRC118540.

Spinoni J, Formetta G, Mentaschi L, Forzieain@ Feyen L (2020)Global warmingand windstorm impacts in
the EY EUR 29960 EN, Publications Office of the European Union, Luxembourg, ISBd-Fm12955-4,
doi:10.2760/039014. JRC118595.

Szewczyk, W., Feyen. L., Matei, A., Ciscar, J.C., Mulholland, E., @024).Aconomic analyis of selected
climate impacts EUR 30199 EN, Publications Officetbe European Union, Luxembouid@BN 97892-76-
18459-1, doi: 10.2760/845605, JRC120452

Vousdoukas M, Mentaschi L, Mongelli I, Ciscar JC, Hinkel J, Ward P, Gaslitfge$en L (2020)Adapting to
rising coastal flood risk in the EU under climate chang&/R 29969 EN, Publications Office of the European
Union, Luxembourg, ISBN 9BE2-76-12990-5, doi:10.2760/456870, JRC118512.
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2 Methodology

2.1 Project implementation

Figurel gives an overview of th@roject, which involvethree main stages. In the first stag@, common set of
climate change and socioeconomic data are prepared to feed thehjsicaland economidmpact modelling.
In the second stageseparatebiophysical modelsare runin order to quantify how the projectedchanges in
climate variables affects agriculturakrop yield, energy supply, river floals, coastalfloods, heat and cold
waves drought, habitatsuitability, forest fires, forest ecosystes) water resourcesand windstorns. In stage
three, a subset of the biophysical impacase analysed interms of direct human impacts andconomidosses
in particular,for agriculture energysupply, river floods, coastalfloods, heat and cold waves, drought and
windstorns. Finally, the direct human and economic impacts are integrat&d an overall economic modeh
order to estimate corresponding welfare losses

Climate change ang Biophysical Socioeconomic
socioeconomic data modelling impact modelling

coastal floods
drought economic

impacts

iftﬁii' fl> ‘ heat & cold wave$ @
| water resources Welfare
- / losses
, e/: a B= ‘ forest ecosystem$

State of climate Biophysical Socioeconomig
and society impacts impacts

Figure 1. Overview of the project methodology

Direct socie

2.2 Scenario design

The level of global warming depends on the concentration of greenhouse gasses (GHG) in the atmosphere.
Future emissions are determined by human activities aotioeconomidevelopment. In order to account for
uncertainty in future emissions a range of plausible pathways of GHG concentrations are considered in the
scientific community to visuade alternative futures. These Representative Concentration Pathways (RCPs)
describedifferent levels of greenhouse gas concentrations and radiative forcing that might occur in the future
(Van Vuuren et al., 2011)

The project evaluates the effects of GHG mitigation by estimating climate impacts for the Paris targets (1.5°C
and 2°C) andx higher warming level (3°C). It considers a common set of climate projections under a moderate
mitigation (RCP4.5) and high emissions (RCP8.5) pathway in order to evaluate impacts both for low and high
levels of global warming.

The project assesses socio@nomic impacts of global warming within a specific setting of the state of the
economy. That can be the economy as of today (static approach) or the economy of the future (dynamic
approach). The static approach portrays how global warming and climatekthafy r j pg_hH dhk\ ~0of o]



population and economy. This approach is appropriate in order to avoid making assumptions on the future (long
term) evolution of the socioeconomic systems (demography, economy size, sectoral decomposition of the GDP,
etc.), which a highly uncertain and could greatly distort the sectoral impacts of climate change. An additional
advantage of this methodology is that it aids the comparison of the severity of the different impacts against
the same economic system metrics. However, tiesolute damage figures may be unrealistic (and highly
conservative), as they do not consider the letegm dynamic growth of the overall economies.

The dynamic socioeconomic assessment evaluates how climate at the different global warming levels would

impact EU society as projected for 2050 and 2100 according the ECFIN Ageing Report projections of population

and economy (European Commission, 2014; id&t al., 2014). As a 3°C warming scenario is unlikely to occur

by mid-century, only the Paris targets are considered in 2050, while in 2100 the three warming levels are
considered. Comparison of the static and dynamic economic analyses allows the efééctimate and
socioeconomic changes on future climate risk to be disentangled. The dynamic assessment has been
implemented in all impact assessments that quantify damage in monetary terms, while the assessment of the

overall effect on the economyisbasefjj i h\ hnol od”~hAb i "m\gh I pdgd] mdphfhhj _

2.3 Projections of future climate

The climate models used in PESETA simulate physical climate processes on a grid that covers the whole of
Europe. The climate models used are known as regionalatérmodels (RCMs), which mean that they produce
climate projections at a relatively fine scal€limate smulations differ between climate models, even when the
forces that drive the climate, such as greenhouse gas emissions, are the same, and when alshaod built

in plausible ways. This is known as climate modelling uncertainty. To account for this uncertainty, the project
uses an ensemble of 11 climate models that took part in a large;@oing climate model intecomparison
project called CoordinateRegionalklimate Downscaling Experiment over Europe (EARIRDEX

Simulations of the past climate from climate models can differ from tlectual measured climateQimate

model simulations areherefore often corrected to account for such biases, thigh a statistical procedure
fijrifA\nAhe]ld\nh~rjmm 2“odji»)h<gghjahoc hrgdh\ o  hhj ~gf
established method that has been extensively used in other studies.

The project implements the o d h ° f napprdad w sekect climate conditions at the global warming levels
under the twotransientpathways considered (RCP4.5 and RCP8.5). This assumeshdhiaipacts at a certain
warming level can be derived from the transient climate projections by considering tdimad corresponding
impacts over a 30year time windowcentredon the year when the targeted global warming level is reachiéd.

is thus possibldo decouple impacts from the time at which a specific global warming level is reached, and to
look at how diferent warming levels affect future societies at different points in time. For most climate
variables and impacts the effect of the pathway to reach a global warming level is small over Europe compared
to the climate model variabilit{Maule et al., 2017)

For timevariant changes such as sea level rise, which will continue long after climate has stdbéit a certain
global warming level, the time diension however remains critical herefore, results of the coastal impact
analysiswith a dynamic economg settingare presented for 2050 and 2100 rather thafor the global warming
levels.

2.4 Socioeconomic projections

The dynamic socioeconomic scenaramnsideredis that of the ECFIN Ageing RepoBEuropean Commission,
2014; Havik et al., 2013 The EU AgeindReport projections are based on very detailed analyses of the
determinants of longterm growth in Europe, notably demographics, labour market and planned legislation
measures and furthermore, they have been assessed by the EU member states economicrdepisrtand
other related ministriesAs the Ageing Report refers to the period to 2060, the projections have been extended
to the year 2100 based on plausible assumptioriBhe rules of factor accumulation regarding total factor
productivity (TFP) and capltare the same as those in the Ageing Report (the contribution of TFP and capital
for the 2060-2100 period are the same as for the 2052060 period). The labour force projections are the

! http://www.cordex.org/
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same as those of the overall population growth, which come from tmétét Nations (UN) medium variant case
(LN, 2015).

The project uses the 2015 Ageing Report projectioist were available at the time of the project
implementation For the EU as a whole, there are no major differences compared to the more recent 2018
Ageang Reportprojections EUGDP growthis slightly lower in the 2018 Aging Report over the period 2025
2050, whileit is marginally higher during 20558070. For someMember Stateshoweverthere are substantial
variations, with loweaverage annual GDP gndh ratesin the 2018 Ageing Report for Cyprus, Italy, Greece and
Portugal (e.g. Italy1.3 percentage points difference in 2022035), andthe largest upward variationgor
Malta, Latvia Slovakia and Romania (e.g. Malta +1.8 percentage points in 22225).

2.5 Overview of impact models

Tablel presents an overview of the modelling approaches used in PESETAd\project uses a combination
of processbhasedand empirical modelsProcessbased approaches simulate physical or biol@iprocesses
that explicitly describe system behaviour in response to climate change. Empirical approseblesorrelative
relationshipsamong the datain line with mechanistic understanding, but withom¢cessarilyfully describing
system behaviar and interactions Generally processbhased models include some empirical information and
the correlative relationships of empirical models assume a link to proeesSo in practicenany models use a
hybrid approach, combiningprocessbased and empirical repsentation of relationshipgAdams et al., 2013)
More details on the models used can be found in the references listébhinlel and in the separate reports in
which the PESETA impact analyses are descr{bedreference added to each short description below)

Heat and cold waves

The Heat and Cold Wave Magnitude éxdire derived from the biasorrectedclimate projectionsand take into
account the duration and intensity of the hot and cold spefistreme value analysis is applied to these indices

in orderto understand how the intensity and frequency of such extremoesild change with global warmg.
Human exposure is appraised by combining modelled heat and cold extremes with high resolution population
density maps. Human mortalityates from heat and coldextremesare derived from reported fatalities in
disaster records and simulated population exposurkeese are then applied to the projections of heat and cold
waves, assuming no changes in human vulnerabilifpre details ilNaumann et al(2020).

Windstorm s

Daily maximum windrelocity simulated by the climate models is used as an indicator of windstor&streme
value analysis is applied to thisdexin order to understand howften and with what intensity winégxtremes
could happen under different levels oflobal warming. Kposureof the construction stock and populaticio
windstormsis appraised by combining modellegind extremes with high resolutiotand use andpopulation
density mapsDamagefunctionsand mortalityrates are derived from reportedeconomiovindstormlosses and
fatalities in disaster records and simulatecbnstruction stock angbopulation exposurelhe damage function
and mortality rates are then applied to the projections windstorms, assuming no changes in vulnerability.
Projections of daily wind speed are also used in the analysis on wind energy s(gyage wind speedind
forest disturbancegextreme wind speedMore details in Spinorét al. (2020).

Water resources

A hydrological model is used to simulate the spatial and temporal distribution of waterabove and below

the earth surface across Europe. It takes into account spatial variataions in land use, soil properties and
vegetation characteristics and uses aspiut simulated climate variables such as precipitation, temperature,
wind, radiation and humidity. The model also includes water extraction by different sectors, including agriculture
(irrigation and live stock), energy, public water and industrial watss. Urigation water demand is estimated
dynamically within the modelwhile the other uses are estimated based on national water statisticate/
scarcityis estimated based orthe net water consumptiorversus available renewable water resourceta
region. Exposure of economic activity and population to water shortage is evaluated by intersecting simulated
water scarcity with regional statistics on production output of sectors and high resolution population density
maps. Projections of river flows by ¢hhydrological model are also used in the analysis on drought (low river
flows), floods (high river flows), and energy supply (average river flows for hydropower and cooling of power
production) More details in Bisselink et al. (2020).
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Table 1. Overview of impactnodellingin PESETA IV

Impact category Biophysical modelling Socioeconomic impact modelling

Heat and cold wave magnitude index

R et En gl modelling(Russo et al2015); extreme

Human exposure andmpirical

waves value analysis (Mentaschi et a2016) mortality rates (Forzieri et al., 20)
Windstorm indicatomodelling(Outten et Empirical vind damage function
Windstorms al., 2013; extreme value analysis (Spinoniet al., 2019) and human
(Mentaschi et a).2016). mortality rates (Forzieri et al., 20)
Hydrological and water usmodelling with
Water resources LISFLOODVan der Knijff et al., 2010); Human exposure to water scarcity
water scarcity analysisRisselink et al., (Bisselink et al., 2P0).
2018).
Hydrological and water use modelling with o .
Drought LISFLOOD; extreme low flow analysis SIS C O e (e

(Forzieri et al., 2014). (CammellEn @i &k, 2020

Hydrological and water use modelling with
River flooding LISFLOOf2xtreme high flow analysidjood
inundation modelling (Alfieri et al., 20 ).

Empirical vater depthdamage
functions @lfieri et al., 2015b.

Sea level rise projectionsurge, wave and
Coastal flooding  tide modelling, flood inundation modelling
(Vousdoukas et al., 2017).

Numerical simulation weathedriven fire
danger using Canadian Fire Weather Inde;
(FWl)system @e Rigo et al., 201y

Empirical vater depth, damage
functions(Vousdoukas et al., 2018)

Ll iteE Estimation of wildlandurban interface
(Costa et al., 202D Modelling shifts in
ecological domainsde Rigo et al., 2016
KdppenGeiger climate classification of

Habitat l0Ss alpine tundra (Kottek et 8l2006); mapping

of treeline position (Kérner and Paulsen,
2004).

Empirical vulnerability analysis of Europea
Forest ecosystems forests to fires, windstorms and insect
outbreaks (Forzieri et al., 20)

Agriculture economic modelling with
the Common Agricultural Policy
Regionalised Impact (CAPRI) model
(Britz and Witzke, 2014)

Energy supply modelling witROLES energy Modelling of energy production costs

Crop yield modelling with World Food
Agriculture Studies Simulation Model (WOFOST) mod
(Blanco et al., 2017; de Wit et al., 2019).

ey Sy model (Després et al., 2018). (Després et al., 2018).

Integrated economic modelling with
Economic Climate assessment General
integration Equilibrium (CaGE) model (Pycroft et

al, 2016; Ciscaet al., 2011).
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Drought

The low flow spectrum of the river flow simulations are analysed to estimstt@amflow drought whichreflects

the spatially integratechegative anomalyn water resources over river basiriSxtreme value analysis spplied

to annual minimum river flows to project how frequdptand with what intensity drought could occur in view

of global warming. The vulnerability to drougtst quantified based on reported economic losses from drought
disaster records and the simulated drought intensity for these evefitse impactsare further disaggregated

over drought sensitive sectors based on expert and literature information on droughsitivity of different
sectors and statistics on the economic value of these sectors. The derived statistical relationship between
drought intensity and damage in drougisiensitive sectors, which in the analysis is assumed to be static, is then
applied tothe projected drought conditions with warming in order to quantify the corresponding drought risk.
More details in Cammalleri et al. (2020).

River flooding

High river flows of the hydrological simulations are used to estimate the probability of oecise and intensity

of river floods. When river water levels exceed current flood protection standards the corresponding inundated
areas and flooddepth are estimated.This information is thercombined with high resolution population and
land usemaps inorder to quantify people and assets exposed to river flooding. Vidintry-specific statistical
relations between flood water depth and damage for different land use types the direct economic loss is
calculated for each flood event. The analysis then evagsathe cost and benefits of the following adaptation
options:strengthening of existing dyke systems, implementing flood damage reduction measures for buildings,
building of retention areas to store flood waters, and relocation of people and buildings filood-prone to
flood-safe areas. The evaluation of each adaptation strategy is performed using a-besefit analysis that
optimises the overall costs of implementation and avoided econofttod damage over the life time of the
measure More details in Dottori et al. (2020).

Coastal flooding

Extrem g~ g gnh\ gj i b rr@pestimatedbdsed fpr stateat-theyadt iprojectipns of sea level rise

and the modelling ofwaves, storm surges and tidassing simulated climate variablesuch as wind speed and
pressureWhen extreme sea levels overtop present coastal protection the corresponding flood inundstiemt

and depth are estimated. Similar as for river floodinghis information is then combined with high resolution
populationand land use maps in order to quantify people and assets exposembastalflooding. With country
specific statistical relations betweenoastalflood water depth and damage for different land use types the
direct economic loss is calculated for each flood event. The analysis then evaluates the cost and benefits of
increasing coastal protection througtiyke improvements along the European coastliressuming thatin
densely populate@nd highly developedoastal communitieshe preferred optionistdac j g _ hadexistihgg d i ™ %
dyke systems The evaluation ofthe optimal design levels performed using a cosbenefit analysis that
optimises the oveall costs of implementation and avoided econonflood damage over the life time of the
measure More details in Vousdoukas et al. (2020).

Wildfires

Weatherdriven fire dangelis estimated numericallyn a daily basis The modetombires temperature, wind
speed, relative humidity, and precipitatipnojected by the climate models and als@couns for the cumulative
dynamic effect of the weather in the previous day®Daily fire danger is classifiedonsidering sixlassesof
fire dangerfrom days with low danger up to days with extreme danger and tebability of occurrence
(average number oflaysin a year) ofthe different classes offire dangeris calculated Potential changes in
ecological domain andocal ecological patternswith global warming which are an indication ofuture
vegetation vulnerability to firejs assessed based on the projected changes in temperatiitee vulnerable
interface between wildland and human presenég assessed athigh-resolution by combiningland use
information and population density mapblore details in Costa et al. (2020).

Habitat loss

Alpine tundrds mapped usin@ climate classificatiorequivalent topolar climates wherethe mean temperature

of the warmest month is less thn 10°C.Theprojections of temperature by the climate models is corrected for
bias and downscaled to high resolution accounting for altitude effects. Projected changes in the alpine tundra
domain are then classified ithree potential categoriesstable, contraction ad expansionTheclimatictreeline
positionis located usinga growing seasorcanopy temperaturghreshold of 7.6°C Treeline shifts with global
warming are assesseth 16 mountain regions in Europe, frothe Mediterranean islands tthe Boreal areas
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and from the Iberian Peninsula to the Carpathians, including the more prominent treeline ecotones of Europe
Natura 2000 sites projected to be affected by changes of the alpine tundw@ identified by ovedying
projected alpine tundra changewith the map of Natura 2000 sitesMore details in Barredo et al. (2020).

Forest ecosystems

Thevulnerability of European forests to three major natural disturbanéssssessedfires, windstorms and
insect outbreaksFor each disturbance type, multi-variate regressin model is derived topredict biomass
lossesbased on a numbenpf forest, climate and landscapg@arameters Forest features include vegetation
parameters describing the forest state and productivity, such as biomass, growing stock volume, leaf area index,
tree age, tree density anttee diameter. Climate informatiomcludes long term average®f temperatureand
precipitationand anomalies therein in the years preceding the disturbance, as weéxisemes of wind and

aridity in the year of the disturbancelLandscape features include population density, spatiaetation
variability metrics and geomorphological parameteihe winerability models are calibrated and validated
usinga large set of records of forest areas affected by natural disturbances othe period2000-2017. More
details in Forzieri et al. (2020).

Agriculture

A spatiallydistributed crop modelis usedto simulate yieldfor wheat, grain maize, barley, sunflower, winter
rapeseed and sugar beeThe model uses bg-adjusted daily temperatre and precipitation together with other
meteorological variables (e.g. wind, relative humidity, global radiatsimulated by the climate models. It also
accounts for the effects on crop growth of elevateddmosphericCQ concentrationsWater limitation effects
are evaluated by simulatindoth potential yield assuming sufficient water for irrigation andain-fed yield
(without irrigatior).

A partial equilibrium, largescale economic, global muliommodity, agricultural sector modetas usedto
assessEUmarket adjustmens (production, land use, consumption, income, prices and {jréieesponse to
crop yield changes the EU andn other parts of the worldlue to global warmingYield estimates are obtained
from an ensembleof global ciop modelsforced byglobal climateprojections, which for the EU partially overlap
with the European scale croyield projectionsThe global modelslo not consider water availability constraints,
the effect of elevated atmospheric GQoncentrations, or changes in crop varieties and sowing datésre
details inHristov et al.(2020).

Energy supply

The effects of global warming on energy supply in the EU is assessed usigiglzal energy modellt covers

the entire energy system, fromrimary supply (e.g. fossil fuels, renewables) to transformation (power, biofuels,
hydrogen) and sectoral demandhe following sources of supply are considered: hydro, solar, wind, nualegr,
other thermal sources(coal, gas, oil and biomassyhe enggy modelis applied at country scale with a yearly
time step but accounting for seasonal variability in climate and water availabiftglarand wind production

are estimated based on efficiency relations with temperature and wind speed respectitsigirological
simulations of the water resources analysis are used to assess hydwerpotential, and together with water
temperaturesalso cooling water availability foruclear and other thermal plantAll power sources are inter
linked, since the remsentation of the whole energy sector implies a balance between supply, prices and
demand.Henceclimate induced changes in the supply of one source can also affect the supply of other energy
sourcesMore details inDesprés and Adamovi2020).

Economic integration

Overall effects on the economy are estimated witaulti-sector, multicountry computable general equilibrium
model. Themodel accountdor the direct impactsas estimated by the specific impact models as well as the
additional indirect effets in the economy due to the crossectoral and crossountry or trade adjustments

The model uses loss estimates for the following impact categories: agriculture, energy, drought, river flooding,
coastal flooding, human mortality of temperature extremes, amnthdstorns. The economicmodel transmits

direct economic dmage into the econoiia system throughkchanges in productivity (e.g. due to loneppyield),
changes in capital stock (e.g. due to flomdpacts) and changes in consumption (e.g. repairingtrm damage
reduces consumption possibilities of househgldehe integrationin the macreeconomic modehllows each
impactto be evaluated ira uniform economic metric, consumer welfafdore details infSzewczylet al. (2020).
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3 Climate in Europe with global warming

The last five yearg2015-2019) were the hottest years on record sind850, when global average temperature
started beingtracked.lt is currently estimated to be 1 XCabove preindudrial times (1850-1900) and 0.2C
warmer than 20112015 (World Meteorological Organization, 201BESETA IV uses the period 1980210 as

a reference when globabhveragetemperaturewas already 0.8Chigheron average compared to prindustrial
times.

Figure 2 shows the changein annual aveage temperatureand precipitationacross Europebetween the
reference periodand the three warming scenarios of the projedEven when limiting global warming tb.5°C

(or 0.7Cin addition to the averagavarmingover 1981-2010) a large fraction of Europés projected to face

an increase in temperature of 1°C or more relativett® reference periodHence, lhe magnitude of warming

is greater than the global averagand not uniform over EuropeUnder the 2°C and 3°C global warming
scenarios, the spatial f@aperature differences become more apparent, witlorthern Europeand parts of
southern Europe showing stronger warmillgith respect to precipitation, while moderate changes are projected
up to 2°Cwith 3°Cglobal warming moresignificant differences argrojected, with increases farorth-centrat
eastern Europe and decline formost parts of the Mediterranean.

change in
annual average

1 1.5 2 25 3 35 4 temperature (in °C)

change in
annual average
precipitation (in %)

Figure 2. Changes fromieference(1981-2010) in annualaveragetemperature (top panels) and precipitation (bottofioy
the three global warming scenarios used in PESETA IVE125Cand 3°C warmer than préndustrialtimes).

Figure3 presents theaveragesummer temperature and precipitation changesth respect to the reference
period The projected increase in summer temperature is stronger especially in southern parEupe
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compared to the increase in annual average temperature. In the nmasthern parts of Europevarming in
summer is somewhatess compared to the rise in annual average temperatufée increase in summer
precipitation innorthern Europe is also lesstrong than that in annual terms, while the decrease in summer
precipitation insouthern Europe is much stronger (up to 30%) compared to that on an annual basis (up to 15%).
Summer precipitation is also projected to declineweastern Europe and parts afentral andeastern Europe,
even when annual average precipitation is projected to incre®are details on projected climate in the EU for
different warming levels can be found in Dosio et al. (2020).

change in summer
(3JA) average
temperature (in °C)

_ change in summer
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Figure 3. Changegrom reference period1981-2010) in summer temperature (top panels) and precipitation (bottom) for
the three global warming scenarios used in PESETA IVE123Cand 3°C warmer than préndustrialtimes).

Figure4 represents the changes iaveragetemperature and precipitation for the winter seasadvlilder winter
temperatures under the 3C scenario are mainlyprojected for northern and eastern EuropeWinters will
generally be wettetin most of Europeexcept for the most southern parts of Europe where reductiapsto
25% in winter precipitation are projected
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Figure 4. Changes from referencg981-2010) in winter temperature (top panels) and precipitation (bottom) for the
three global warming scenarios used in PESETA IVEL2ZCand 3°C warmer than préndustrialtimes).
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4 Human impacts from heat and cold extremes

During intense heatwaves this summer (June and July 2019), all -time temperature records tumbled
in many locations in Europe. These events are expected to happen more frequently and become
more intense with climate change. If temperatures could be  stabilise d with 1.5 °C, each year more
than 100 million Europeans would be exposed to a present intense heatwave  (this is a heatwave
that under present climate is expected to happen once every 50 years) , compared to around 10
million/year now (1981 -2010). With 2°C, this increases to 176 million people per year and with
unmitigated climate change (3°C in 2100) to nearly 300 million/year, or more than half of the
European population. Without climate mitigation and adaptation, the death -toll from extreme heat
in the EU could be more than 30 times more than at present by the end of this century. The rise in
exposure to and deaths from extreme heat is most pronounced in southern Europe. Milder winters
will reduce significantly exposure to and deaths from extreme co  Id.

Curent effects of heat and cold extrem es

Spells of several consecutive days of unusually high or cold temperatures can aa@emsiderable impact on
people. Since 1980, heat and cold waves haasednearly 90,000 fatalities in EuropeA large majority of

these reported fatalities from temperature extremes relate to heatwaves. The more vulnerableldeepeople

and those with diseases who have reduced physiological and behavioural capacity for thermoregulation, as well
as the poor whohave less access to technological means for private extreme temperature mitigation (e.g.
through air conditioning or thermal insulation).

Projections of future heat and cold extrem es

Gobal warming will progressively increase the frequency and severftheatwaves and result in a gradual
decline in the intensity and frequency of extreme cold spells. Both trends are very strong across the EU, but are
somewhat more pronounced in southern European countries. In a 3°C warmer climate compared to pre
industrid times, a current 58year heatwave may occur almost every yeardgouthern Europe, whereas in other
regions of Europe such events may happen every 3 to 5 years.

base 15/ 2.0s/ 3.0s/
People annually exposed to
50-yearheatwave(million)
©O
Annual fatalities from
heatwavegx1000)
e

Figure 5. Human exposure to and fatalities from heatwavesHurope.

Future effects of heat and cold extrem es

The projected changan heatwave hazardeads toa large increasen the number of people exposed to extreme
heat with global warmingKigure5). Even whertemperatures could bestabilised with 1.5°C, each yeamore

than 100 millionEuropeansare expected to be&xposed to a present 5§ear heatwave intensity, compared to
nearly 10 million/year under baseatie climate conditiong1981-2010). Wth 2°C, thisgrows to nearly 170
million/year. With unmitigated climate change (3°C in 2100), the number of people annually exposed to this



intensity of heat climbdo nearly 300million per yearmeaning thatmore thanhalf of the European population
could be exposed each year to a present-y@ar heatwave.

Assuming present vulnerability and no additional adaptation, annual fatalities from extreme heat could rise
from 2,700 deaths now tanearly 30000 with 1.5°C global warming50,000 with 2°C and90,000 with 3°C. The
increasein human exposure to and fatalities from extreme heat is most pronounced in southern European
countries and the highest number of fatalitiesill occur in France, Italy and Spain.

Convesely, nilder winterssignificantly reduce exposure to and fatalities from extremenld. The ppulation
expected to beannually exposed to a present 5@ear extreme coldi.e., a cold wave that is expected to happen
once every 50 years in present climate conditioms)rojected to decrease fromapproximately 10million in
the baseline to reach 5 milliowith 1.5°C (50% reduction®.7 million with 2°C (60% reduction) andl.2 million
with 3°C £80% reduction)Figure6). The number of reported fatalitieassociated with extreme cold spelis
recent years is already mucemaller than those from heatwaves (100 fatalities/year over the period 1980
2016). This will further drop as a result of global warming.

base 15/ 2.0/ 3.05 /

People annually exposed to
50-year cold wave (million)

Annual fatalities from
cold waves

Figure 6. Human exposure to and fatalities frorold spellsin Europe

Total effect of climate change on temperature -related premature mortality

The contribution of extreme temperatures the overall temperaturerelated excess mortality is relatively small.
Hence, #&hough dobal warming willresult in a strong net increasein exposure to andfatalities from
temperature extremes this only captures part of the effects of climate changeon temperaturerelated
premature deathsThe mortality burden attributable tamon-extremebelowoptimumambient temperature(i.e.
temperaturesbelow the optimal temperature for human health but not necessarily extrémld) will likely
decreasewith global warming,while fatalities linked to non-extreme aboveoptimum temperatures(i.e.
temperatures above the optimal temperature for humaealth but not necessarily extrenhehot) will increase
As currentlymost of the temperaturerelated mortality can be attributed to non-extreme belowoptimum
temperatures ¢old)it is unclear what the net effects of climate changeill be ontotal prematuwe temperature
related human mortality.

Socioeconomic drivers of future human risk of heat and cold extremes

Population ageing in Europie a majordemographic trendor the coming decades. ttould further increase the
effect on human beings ofemperature extremed-urther, increasing urbanisation cowdplify the urban heat
island effect, which causes urban and metropolitan areas to be significantly warmer than their surrounding
rural areas.The combined effects oheatwaves and air pollutiomight further exacerbatehuman stress in
densely populated areas.
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Adaptation to temperature extremes

Evenwith stringent mitigation action and limitinglobal warming to 1.8Cor 2°C, the risén people exposed to
extreme heat could be manifold. Hence, societies will need to increase their resilience to cope with more
frequent and intense heatwaves. There exist a wide range of adaptation measures, inclingimgved design

and insulation of houses, schools and hass, education and awareness raising of potential risk factensd
recommended responseand early warning systems. It is also important to consider other impaaftextreme
temperature on ambiengir quality, such asozone pollutionunder heatwavesin order to identify the most
appropriate response. In the mediutmlong term(5 to 15 years and over 15 years respectivelyyound urban
planning should aim to minimise the urban heat island effect. This can be achieved, for exampierbgsing

tree and vegetative cover, installing green or reflecting roofs, or using cool pavements (either reflective or
permeable). There is a substantial lack of observations and quantitatifermation on the effectiveness of
these measures, yet sevar of them can provide important cbenefits, such as reduced energiemand of
thermo-efficient buildings, or water retention and mental health benefits of green spaces

Approach

The PESETA IV task on human impacts of heat and cold extremes providesttgtive assessment ohuman
exposure to and mortality fronthese extremes in Europe. The methodology integrates empidiatd on human
losses from disasters past climateinformation, EUROSTAT demograptiéda and high resolution climate and
sociaecmomic projectionsAs is common to all PESETA IV impact categoriesattadysisfirst evaluates heat

and cold wavemortality in acomparative staticsociaeconomicsetting, thereforeonly consideing the influence

of the climate changesignal This is dondoy comparingmpactson the present populatiorunderthe baseline
climate (1981-2010) andclimatewith 1.5°C 2°Cand 3°C global warming above preindustrial levétsaddition,

we also provide a dynamic socigconomic assessment considerinige 2015 Ageing Report projections of
population, and look at how heat and cold extremes at the different warming levels would impact EU population
projected for 2050 and 2100. As a“®€warming scenario is unrealistic by micentury, only the Paris targst

are considered in 2050. Our impact estimates assume that the mortality rates that have been derived from
recent disaster loss records remain unchanged, hence they do not consider adapMtondetails in Naumann

et al. (2020).

1 As defined by CoMO (2016). Mayors Adapt - Reporting Guidelines. Brussels: Covenant of Mayors Office.
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5 Impacts of windstorm s

Windstorms are amongst the most damaging natural hazards in Europe, with approximately 5

O\cffcih i> _mncg[n_~ [hho[f fimm_m ch habincre®&@( Nb _h
significantly over the last decades, yet there is no consensus about a climate -induced trend in

windstorms over Europe. Climate model projections of extreme wind s suggest that windstorms will

not become more intense or happen more frequent |y with global warming over most of the European

land. As a consequence, it is expected that risk from windstorms in the EU will not rise due to

climate change. In case of no adaptation , economic loses from extreme wind s will rise due to

increasing asset values. Impacts of wind extremes could be reduced by a range of measures, such

as the development and implementation of enhanced windstorm -resilient standards and building

codes.

Current effects of windstorms

During the lastfew decades, Europ&vas hit by a number of highly damagingrindstorms that caused a
considerable human and economic impact, ranging from human fatalities emjuries to damage to roads,
power plants, the agriculture sector, forests, infrastructure, and private propefissmated average annual
losses for Eland UKamountto 50 ] d fyepdif 2015 values), or approximately 0.04% of total GDP (of 2015)
Absolute losses are highest in Germany (88@illion/year), France (68@million/year), Italy (5400million/year)
and the UK (53@million/year), while impactselative to the size of the economy are double the EU average in
Bulgaria and Estonia (0.08% of GDP), and 0.07% of GDP in Latvia, Lithuania and Slokanfa.year
approximately 16 millbn EU citizenare exposed to windstormwith an intensity that happens only once every
30 years inthe present climate, resulting imearly 80 annual deathsWhile intropical regions an increase in
the frequency and intensity of cyclones has been observed in the last decades, in particular from4hé + 2n ' fdi f
Europe there is noobust trend inwindstorms.
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Figure 7. Area fraction(in %) of each region iforthern Europegentralwestern Europegastern Europesouthern Europe)
with a significantincrease (dark blue), no change (grey) and decrease (light blue) iry#@® wind speedchangeis
significant if > 0.3 m/s and 2/3 models agree on sign of changell number of calm day¢changeis significant if > 5
days and 2/3 models agree on sign dfi@nge) Inner (outer) circle represents 1.5°C (3°C) warming.

Wind hazard across Europe in a warmer climate

Present climate model projections suggest small changes imdhazardwith global warming in Europe. Wi
3°Cwarming, maximum wind speeds will likely reduce over 16% of the land area, increase over nearly 10%
and remain relatively stable over the rest of Eurai@outhernEurope is the region with the largest share of the
area with an increase in wind extremes?% with 3°Q, while entralwestern Europe has the largest share of
land for which less intense wind extremes are projected (248th 3°Q. Alsothe number of windy or stormy
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days does not show significant change&3n the other hand, there is a robust teadcy projected towards more
calm days (daily maximum wind speed below 3.5 m/s) over most of Eurimpgarticular overcentral, western
and easern Europe(Figure?).

Economic losses from windstorms assuming no socioeconomic change

The lack of a significant trend in wind hazard with global warming across Europe implies that human and
economiciinpactsin the EUwill remain stablewhen assuminghat current socioeconomic conditions continue
into the future (Figure8). For most countries impacts remain stablalthoughlosses could grow to 0.0% of

the country GDP (of 2015) in Hungary, Romania and Slovakih 3°C global warming,compared to 0.06%
underthe present climate. In Estonia, on the other hand, losses coutgh drom 0.08% of GDP under present
climate to 0.05% of GDP witB°Cglobal warming.

base 15 / 2.0c/ 3.0s/
Wind lossege billion)

Wind losse% of GDP)

Figure 8. Annual windosses for the ElAnd UKassuming that current socioeconomic catidns continue into the future

Economic losses from windstorm s with socioeconomic chan ge

The projected losses in absolute terms are larger when future socioeconomic change is accounted for compared
to when the currensocioeconomic conditiorsre assumed tacontinue into the future, because of the growth

of the size of the economyand hence higher valugeof the exposed assetdBy 2050, windstormannual losses

are projected to growtonearly ®] dggdj i *t ° \ ridy othil.FCand 2CHlapal gaming By the

end of this century this further grows to more than 10] d g g dwith glightly\higher impacts for higher
levels of warming Eigure9). Ruture wind-induceddamageexpressed as a share dfie size offuture economies

show a small decreasbecause building stock and replacement costs grow somewhat slower than GDP.

base 15/ 2.06/ 3.05/
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Figure 9. Annual windosses for the ElAnd UKassuming socioeconomic conditions in 2100 according to B@&FIN
Ageing Report.



Resilience to wind extremes

Even though our projections indicate that wind hazard and ds& unlikely tochange in Europe with global

warming,increasing resilience present wind extremes couldirther reduce impacts on future societies. There
are a wide range of measures that could be taken, suchiraseasingwindstorm forecast accuracy and warning
time, improvingstorm readiness, emergency communications and mrsg® as well as structural measures for

wind-proofing infrastructures, whichithe EU could be stimulated lymendments ofEurocodes

Approach

Projections ofdaily wind speedunder a high emissions scenario (RCP8.5) and moderate mitigation scenario
(RCP4.5) were used order to estimate changes in wind hazard between baseline (:2810) climate and at
global warming levels of 1.5C 2°Cand 3°C above preindustrial level8Vind damage functions, which relate

the total construction stock with wind speed and economic losses, as well as reported fatalities, were derived
from past wind events andheir reported impactsin the absence of information on future vulnerability, these
impact relations were kept constant in the scenaridfie damageand mortality relationswere then appliedn

a static-economic scenario, in which wind hazard at the different warming levels was applied to the present
population and construction stock. Viieso combined therojections of wind hazard at thevarming levelswith
projections ofexposedconstruction assetand populationin 2050 and 2100 according to th&aCFINAgeing
ReportAs it is very unlikely thaB°Cwarming will happen by migtentury, this warming level was only combined
with 2100 society in the dynamic economic scenario. The use of the static and dynamic economic scenarios
allows disentangling the effects of climate change and exposure dynamicsuburé windstorm losses

An important limitationof the analysisis the spatial resolution othe wind data which is toccoarse to capture
severe local windstorms. The current generation of climate models also have a rather poor physical
representation ofwind dynamics. Furthein the absence of wind gust data at sutfaily time stepswe used
daily maximum wind speed as a proxy e¥indstorns. It is yet unclear if these limitations affect current
projections of wind hazard in view of global warmiridore deails in Spinoni et al. (2020).
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6 Impacts on water resources

The long-term imbalance resulting from water demand exceeding available renewable water
resources is an increasingly frequent and widespread phenomenon in the EU. The number of people
in the EUand UK who are living in areas that are considered to be  under water s tress for at | east
one month per year could rise from 52 million nowadays to 65 million in a 3°C warming scenatrio,
which is equivalent to 15% of the EU population. In general, climate projections reveal a north -
south pattern across Europe for water availability. Overall, southern European countries, which
already suffer most from water  scarcity, are projected to face decreasing water availability,
particularly Spain, Portugal, Greece, and ltaly. Mitigation alone is not enough to avoid adverse
climate change impacts and adaptation strategies will be neededt oo.

Water scarcity is already an issue inthe E U

There are currently around 52 million people in the &tdl UKliving in water scagce regions. This is equivalent

to 11% of the populationMost of the people exposedo water stresslive in countries insouthern Europe,
including Spain (22 million; 50% of the national population), Italy (15 million; 26%), Greece (5.4 million; 49%)
and Portugal (3.9 million; 41%). Thentire populatiors of Cyprus and Malta are considered to be living in water
scarcity. In the Mediterranean the period of watstress can exceed 5 monthgFigure10). During summer,
water exploitation in this region can be close to 100%, meaning that all possible water is being used, and often
also a substantial amount of fossil groundwater.
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Figure 10. Number of water scarce days (WEI+ greater than 0.2, see Approaat®ference period and projected changes
in with global warming
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Current pressures on water resources are exacerbated in  southern Euro pe

A cleamorth-south pattern ofchange inwater stressis projected with global warming. Water scarcity conditions

will worsen in regions that already face watertress now. The number of days with conditions that are
considered to represent watetrgssincreases sharplaround the Mediterranean region with increasing global
warming Figurel0). In the Iberian Peninsula water scardays can increase by up to more tham® month

per year in the 3°C warming scenario relative to present. Areas that will increasingly face water stress with
warming also emerge in countries further north like the UK, Belgium, the Netherlands, Germany, Denmark,
Bulgaria, Romania and France. &tltentral and northern European countries show a trémaardsincreasing

water availability with global warming.

Population exposed to water scarcity due to climate chan ge

The number of people living in areasth water resources under stresacreases to 65 million with 3°C global
warming. This is 13 million (+25%More than at presentwith nearly8 million people more living in areas with
severe conditions of watertgsess, or nearlyfour times morethan at present. Limiting global warmingt1.5°C
would halve the increase in number of people living in water scarce areasedfedtively avoidany additional
people faing severeor unsustainablevater gress (Figurell).

Spain sees the largest absolute increase in the number of people living in angdswater resources under
stress In the 3°C warming scenario these amount to over 7 millinare that & present. In Greece the number
of people facing water stress would grow withy 3.5 million to nearly 9 millionwith 3°C warming, or about
80% of the present population.

base 1.5°C 2.0°C 3.0°C
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Figure 11. Population in Eland UKliving in areas withwater stress (WEI+> 0.2, see Approachand severe (WEI* 0.4)
water stress for different levels of global warming.

Socioeconomic drivers of water scarci ty

Climate change is the main driver of increasing water stress in southern Europe. Demographgeshéand

use dynamics and corresponding water usage variations play a minor role. In general the additional number of
people exposed to water scarcity is somewhat higher compared to the static population scenario due to
projected population growth in cotnes exposed to water stresge.g.Francg. The number of people exposed

to severe water shortage is slightly lower when accounting for demographic trends due to a projected decline
in population in countries also exposed to severe water limitatifmg.Greecg. Projections of economic growth
everywhere in EU result in a strong increase in economic activity exposed to water stress.
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The need for adaptation

The severity of some of the projected changes in water availability suggests that various adaptation
mechanisms will be needed to lessahe effects on population and economic actiiéis exposed to water
scarcity, even under lower magnitudes of warminig. some regions, pjected increases in water dependency

on upstream waterequires furtherwater diplomacyefforts between countries as well as international multi
memberstate management of river basin water resources. In the EU, this is alregmrationd under the

Water Framework Directive@nd in various River Basin Commissions, such as for the Danube, Rhine, Elbe, Meuse,
Oder, Sava and others

Adaptation could be targeted atemanddriven scarcity rather than increasing supply, as this may further
increase water dependencysupply side measures also have known detrimental environmental effects
(reservoirs) or increased energy requirements (desalination). Imbalawegelr demandcan only be alleviated

in a sustainable manner by lowering water depemdy in waterintensive sectorsWater pricing could create
an incentive for users to consider water savinged develop waterconserving technologie®\mong the wide
range of possible measures, this includes for example, increagingation efficiency bychanging irrigation
methods (e.g. from sprinkling to drip irrigatigror shifts to crops with lower water requirementairthermore,
sub-optimal irrigation strategies may lead to substantial water savingih only limited reductions in crop yield.
Otheroptionsincludemore efficient cooling technologies that lead to a reduction in water use for producing
energy. In addition, shifts from conventional energy productitosgil fuel) to renewable energy production
(wind and solarrould reduce cooling watelemand and netvater consumption.

Approach

PESETA IV estimated the impact of climate change on water availability using the same hydrological model that
was used elsewhere in the project to assess drougiver flooding and energy supply impact$heLISFLOOD
hydrological and water use model was forced by climate projections for a high emissions (RCP8.5) and
moderate mitigation (RCP4.5) scenario to simulateer flow for present climate and climatavith 1.5°C 2°C

and 3°C global warming above preindustrial levels. The Water Exploitation Index (\MBidthdrawal ratio,is

a metric of water stressthat is defined asthe percentage of total renewable freshwater resources used in a
defined territoryin a given perid. The WEI+ takes into account inflowing river water from crdsder river
basinsIt was calculated at monthly scal@VEI+ values have a range between 0 and/alues abové.2 indicate

that water resources are under stresshile valuesabove0.4 indicate severe stress andreunsustainable use

of freshwater resourcesPESETA |V estimated population exposure to watiess for the baseline andL.5°C
2°Cand 3°C global warmindy calculating the number of people living in areas with averageannual WEI+

larger than 0.2 and above0.4 for severe water fress. Waterstress exposuravas estimated under two main
assumptions of socioeconomic change: 1) a continuationpoésent conditions into the future; and 2)
socioeconomic development according to tREFINAgeing ReportMore details in Bisselink et al. (2020).
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7 Impacts of droughts

Droughts induce a complex web of impacts that span many sectors of the economy, as  exemplified
by extensive crop failure, reduced power supply, and shipping interruptions in the EU during 2018
and 2019. With global warming droughts will happen more frequent, last longer and become more
intense in southern and western parts of Europe, whi le drought conditions will become less extreme
in northern and north -eastern Europe. With 3°C global warming in 2100 drought losses could be 5
times higher compared to today, with the strongest increase in drought losses projected in the
Mediterranean and Atlantic regions of Europe. When expressed with respect to the total size of the
economy the effects are dampened relatively, because drought -sensitive sectors like agriculture
are projected to become relatively less economically prevalent in future EU eco  nomies than they
are nowadays. The consequences on ecosystems are typically not monetized and hence are not
reflected in the loss estimates

Current economic losses from drought

PESETA IV estimates current annual losses from droughtto be aroldd d ggdj i haj mhoc  h @PRH\ i
cdbc > nofhgjnn > nhdi Nk\Vdi R#, ) 0ROl dggdji*t \m$' Do\ gt f#,
the region, between 3%0% of the losses relate to agriculture and 228% to the energy sector. Publigater

supply accounts for between-20% of the total damage. Losses in the transport sector relate only to inland

water transportation and on average represent 1.5% of total losses, while subsidence damage to infrastructures
accounts for around 8% of totdbsses. Drought also affects the environment in many different ways, yet these

impacts are difficult to valuate
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Figure 12. Fraction of area exposed to changes in drought occurrezarapared to 19812010 for Europearsub-regions.

Drought hazard across Europe in a warmer climate

Hydrological droughts will progressively happen more frequently and intensify in Mediterranean and Atlantic
European regions with global warming. Drought conditions will also worsen in souplaets of the Continental
region. With 3°C warming drought frequency is projected to double over nearly 25% of the Mediterranean and
15% Atlantic region. Limiting global warming to 1.5°C would still result in an increase in drought frequency over
two-thirds of the Mediterranean and onthird of the Atlantic region, but would avoid a doubling of drought
frequency everywhere in Europ@igure 12). In contrast, in Boreal Europe and the noghstern parts of
Continental Europe drought hazard will decline due to increasing precipitation with climate change. In central
and eastern Europthe projected trends show more climate variability and are more uncertain
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Economic losses from droughts assuming no socioeconomic change

Dahapopm HhrgdhVlo  Arjpg_Ah\V2o0hQjihoj Vt¥nhnj~rd ot' hoj o)\
warmi bhj afh, ) O®>h#4) 2Ol dggdji*t \m$h] pohoc i Adi *m> \ n > n
at 3°C(Figurel13). The Mediterranean and Atlantic regions see the largest losses from global war(figgre

14),with Belgium, Greece, Ireland, Portugal and the UK showing the strongest increase in losses relative to now.
Countries in Atlantic and especially Mediterranean Europe already suffer the highest drought impacts. These
regions contribute to 68% of th total European losses in the recent past and their share progressively increases

with warming and could grow to 85% at 3°C warming. Drought losses will also increase in the most southern
countries of Continental Europe (Bulgaria and Romania)
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Economic losses from droughts with socioeconomic change

The projected losses in absolute terms are larger when future socioeconomic change is accounted for compared
to when it is assumed that current socioeconomic conditions continue into the future, because of the gygbwth
the size of the economy. By the end of this century, 3°C global warming would result in drought losses of 45

]l dggdji*t \mhdi Roc  R@PH\ i _HPF"' Frand B°k, respectivigkFiguhedsp. A\ i _ f .

When drought losses are expressed relative to the size of the economy (share of GDP) the effects of climate
change are dampened compared to the absolute estimates because dresgititive sectors, and especially
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agriculture, are projected to become less economically prevalent in future EU economies. Losses from drought
account for 0.06% and 0.07% of the EU+UK GDP in 2050 and 2100 under both tH&CRBd 2°C warming
scenarios respdosely, and 0.1% in 2100 for 3°C warming, compared to 0.07% nowadays. Regional and
nationatlevel relative impacts can be greater than the EU average, with losses of 0.19% of GDP in the
Mediterranean for 3°C warming with 2100 socioeconomics, and in sonu@tri@s even above 0.3% (e.g., Greece
Bulgaria and Romania). Secttavel impacts can also be much greater, with losses to agriculture amounting to
4.6% of sector economic output at 3°C of warming

base 1.5 / 2.06/ 3.06 /
- Figure 15. Average annual
Drought lossege billion) losses from drought for the EU
and UKassuming
@ @ @ socioeconomic conditions in
2100 according to the 2015
e ey geing Report

Adaptation and resilience to droug ht

The PESETA IV drought impact projections are based on present vulnerability estimates of sectasghbt

and hence assume no adaptationhere exists a wide variety of drought risk mitigation measures. Rather than
supplyside measures, which can lead to higher dependence on water resources and increase drought
vulnerability, adaptation should be taeged at strengthening drought resilience of society and sectors. This
includes specific measures in droughénsitive sectors, such as improved cooling techniques, drouggistant
crops, or lighter river navigation vessels, but also institutional tramsfations, livelihood and economic
diversification, insurance and other market tools, social safety nets, monitoring and data collection, and early
warning and alert systems. Evaluating the costs and benefits of investments made and policy actions taken to
mitigate drought impacts remains a huge challenge. Yet, it is generally accepted that the costs of action are
usually lower than the costs of inaction, andé returns from investing in eante risk management actions are
higher than those of investing irex-post crisis management. The actual costs and benefits of adaptation
measures will vary substantially depending on the local geographical, climate, and socioeconomic conditions.

Approach

The LISFLOOD hydrological and water use modelnasisingclimate projections for a high emissions (RCP8.5)

and moderatemitigation (RCP4.5) scenario to simulate minimum river flow (an indicator of drought hazard) for
present climate and climatevith 1.5°C 2°Cand 3°C global warming above preindustrial levelsolyht hazard

was estimated at high spatial resolution. Economic losses were estimated at country scale based on a statistical
relationship between drought intensity and drought impact derived from reported losses afdsaaght events.
Drought impactswere disaggregated over economic sectors based on experived sector sensitivity to
~mjpbcofh\Vi _HRoc dmh *jijhd*hjpokpo)hGjnn nh\ m Fm kj mo"’
limited availability of data on past droughts antheir impactsupon which the statistical relationship was
derived. Losses were estimated under two main assumptions of socioeconomic change: 1) a continuation of
2015 conditions into the future; and 2) socioeconomic development according t&E@EIMgeing Report. As it

is very unlikely that 3°C warming will happen by raéntury, this warming level was only combined with 2100
socioeconomic conditions in the dynamic economic scenario. We present average estimates of drought losses
over the ensemble otlimate models and the spread due to climate uncertainty. Other sources of uncertainty
due to model conceptualisation and parameterisation, and limited empirical drought loss data are not accounted
for. More details in Cammalleri et al. (2020).
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8 River flood impacts and adaptation

River flooding is one of the costliest natural disaster s in Europe. Global warming and continued
development in flood prone areas will progressively increase river flood risk. Direct damage from
flooding could increase 6-fold from present losses by the end of the century in the case of no
climate mitigation and adaptation . Keeping global warming well below 2°C would halve these
impacts. Adequate adaptation strategies can further substantially reduce future flood impacts. In
particular, reducing flood peaks using retention areas and implementing building -based damage
reduction measures can lower impacts in a cost -efficient way in most EU countries, even to flood
risk levels that are lower than tod ay. Restoring natural wetlands and floodplains to retain excess
water also improves the state of water and ecosyste  ms.

Current effects of river  flooding

K@N@O<hDQh nodhVl o nhoc\oh\ohkm n i of mdegUar bigvhigh _di b "\
is equivalet to around0.06% of currentGDP. Moreover, more than 170,000 people every year are exposed to
river flooding.

Future impacts of river flooding without adaptation

Global warming will progressively increase flood frequency and severity in most of Europe. At thetsaae

the projected social and economic growth will further increase exposure to flood events. If no mitigation and

\' _VkolodjiAh \npm nA\ m Aol f " i'"fh ™ Aji jwith®dClyglgbglmarmimghr dggfk
by the end of this century, or pre than 6 times compared to present, while nearly 3 times as many people

would be exposed to flooding. Limiting global warming to 1.5°C would halve the economic losses and population
exposure to river flooding relative to unmitigated climat€igure16).

Today 2100-no adaptation 2100- adaptation

Damagge billion/year) @ @ @
People exposed (1000/yeal @ @

Figurel6. Annual flood damage and population exposed to river flooding for EU and UK in the present and by 2100 for
~daa miohg q gnhjafhbgj]l\ghr\mhdib'hrdoch\i _hrdocjpoh\ _\ Kk
present_ \'t hagjj_fAkmjo ~odji Ah " \'npm n)HROc h°\ _\Vkolodji»fAhn~r i\ m
store excess flood wir to a level of protection that maximises their economic benefit.

Avoided river impacts with adaptation

Adequate flood risk reduction strategies can substantially reduce the projected increase in flood risk with global
warming. In particular, reducindoiod peaks using retention areas showseat potential to lower impacts in a
costefficient way in most EU countries={gure 18). Implementing this strategy at EU level can reduce the
economic damage and population exposed by the end of the cenltyrynore than 70%, as compared to no
adaptation (Figure16). Retention areas have additional benefits, such as restoring the natural functioning of
floodplain areas and improving ecosystem quality. Strengthening existing dylstems has lower but still
favourable benefitcost ratios Figurel7),althoughthis can transfer risk downstream. It also tends to stimulate
further development behind the flood barriers, which can result in catastrophic impacts in case of failure.
Buildingbased flood proofing measures caalso significantly reduce flood damage typically with limited
implementation investments. They also do meventfloods from happering and therefore can only partially
avoid flood damage. Relocation is the least cadtective, their implementation costs are subjeto large
variability and they mayhave lower social acceptance.
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Strengthening of dyke systems:
20 to 2.9 U saved for eachl invested

41% to 6 8% reduction in economic damage

41% to 65% reduction in population exposed

Building of retention areas to store flood waters:
2.90 to 3.5 saved for eachi invested
64% to 82% reduction in economic damage

63% to 81% reduction in population exposed

Damage reduction measures for buildings

= 5.20 saved for eachl invested

Up to 50% reduction in economic damage

No reduction in people exposed

Relocation to flood -safe areas
1.20 saved for eachl invested

17% reduction in economic damage

16% reduction in population exposed

Figure 17. Summary of the main outcomes of the analysis of four adaptation strategies considered in
PESETA IV. Results are averaged at EU level and calcuatsiiering future socioeconomic conditions
(2100 economy) under 1.5°C, 2°C and 3°C warming scenarios.

The present analysis is not designed to replace detailed analyses at local and regional scale, which are necessary
for an effective and reliable desigand implementation of adaptation measures. On the other hand, several
large European rivers are transnational, therefore our analysis can provide a consistertEyrapean
framework to evaluate and compare the costs and effectiveness of river flood addph measures under

future scenarios.

We focused our analyses on adaptation scenarios based on the application of a single type of measure.
However, a combination of different measures working in synergy and optimised at the level of river basins is
the best strategy to locally maximise benefits and minimise drawbacks of each measure. Moreover, the cost
benefit analysis does not include social, environmental and cultural aspects, which would require more complex
multi-criteria analyses.
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Figure 18. Comparison of expected annual damage2100 assuming no adaptation, and with the implementation of
three different adaptation strategies. Results are calculated assuming a 2°C warming scenario.

Approach

A comprehensivanodelling framework is applied to simulate river flows (LISFLOOD hydrological model),
analyse the occurrence and intensity of flooding processes, and estimate the impacts on economy and people
across Europe. We consider future climate scenarios correspgntth an increase of global average
temperature of 1.5C 2°Cand 3°C above preindustrial temperature, combined with socioeconomic projections
according to the ECFIN Ageing Report.

We focugd on four possible adaptation measures: strengthening of existilyge systems, implementing flood
damage reduction measures for buildings, building of retention areas to store flood waters, and relocation of
people and buildings from flooghrone to floodsafe areas. The evaluation of each adaptation strategy is
performed using a costbenefit analysis that optimises the overall costs of implementation and avoided
economicdamageover the life time of the measure (up to 2100). The costs were calculated as the sum of
capital investment costs to implement the measure and im@nance costs. The benefits are thdamage
avoided by implementing the measure, calculated as the difference between fulareagewith and without
adaptation respectively.

Flood losses, costs and benefits are presented undiscounted in general, baeicdstbenefit analysis of

adaptation future costs and benefits are discounted. The bertficost ratio, which is the ratio of total benefits
to total costs, is also based on discounted values and was calculated for each Alt&fgBns and at country
and EU+UHKevel.More details in Dottori et al. (2020).
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9 Coastal flood impacts and adapation

Around one third of the EU population lives within 50 km of the coast. Extreme sea levels in Europe
could rise by as much as one metre or more by the end of this ce ntury. Without mitigation and
adaptation measures, annual damage from coastal flooding in the EU and UK could increase sharply
from 1.4 Cbillion nowadays to almost 240  Chillion by 2100. Around 95% of these impacts could be
avoided through moderate mitigation and by raising dykes where human settlements and
economically important areas exist along the coastline. The extent to which adaptation can lessen

the effects of coastal flooding and at what cost is sensitive to the investment strategy adopt ed.

Current effects of coastal flooding

Damagefrom coastal flooding in the Eldnd UKcurrently amouns to 1.4 Chillion annually, which is equivalent

to around 0.01% of current BP. Almost half othis damageis shared by two countries: the UK (O@villion
annually) and France (0.@billion annually). Around 100,000 people are exposed to coastal flooding every year
(Figurel9).

Impacts of coastal flooding without adaptation

Damage from coastal floodinds projected to rise sharply with global warming for all Edduntries with a
coastlineand the UKif current levels of coastal protection are not raised. Annual damage grtm239 Coillion
(0.52%o0f the ELWFUKGDP projected for 2100) and 11billion (0.24% GDP) by 2100 under a high emissions
scenario and a moderate mitigation scenario respectivelig(re 19), when assuming socioeconomic
development according to th&CFINAgeing Report. The largest absolute damadgeels are projected for
Germany, Denmark, France, Italy, the Netherlands and UK. For some countries the damage repaesent
considerable proportion of future national GDP, e.g. 4.9% (Cyprus), 3.2% (Greece) and 2.5% (Denmark) by 2100
(high emissions). Although damage from, and exposure to coastal flooifilmgound 50% lower with mitigation
compared with high emissiona,is still significantly greater than at present. This means appropriate adaptation
measures are needed to lessen the effects of future climate change along the EU coastline.

Today High emissions Moderate mitigation

Damagede billion/year) @ @ @
People exposed (million/year @ @

Figure 19. Annualdamageand population exposed to coastal floodifigr EU and UKn present and by 2100 under two
emissions scenarios, with and without adaptation respectively. For adaptation, dykes are raised to a level of protection
that maximises their economic benefit.

Adaptation options to coastal flooding

There exists a range of adaptation measures to reduce future flood risk in coastal areas. These include natural

(dunes) and artificial (dykes) structures, beach nourishment, forecasting and warning systems, flodohgroo

of infrastructures, and ultimately retreat from highisk areas. Naturéased solutions, such as oyster beds,

wetlands and salt marshes, create multiple benefits in addition to flood protection, such as increasing CO

storage, restoration of biodiveity, and offering recreational opportunities. They can also grow over time

through the trapping of sediments and, thereby, compensate for rising sea leMelaever the projected rises

di An " \Ahg g gh som h  nh\ m hnj i kwhere human tfée may begaj riskbahd@p mj k ° !
high density, high value conurbations exist, the use of hard defence elements (dykes) will likely be unavoidable.
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Figure 20. National annualamagewithout and with adaptation (high emissioris/ 2100).

Impacts reduction with adaptation

If dykes are raised along Ebnd UKcoastlines, to a level of protection for each section that maximises their
economic benefit (avoided flooding) relative to their cost, then annual fladmage could be reduced
significantly relative to no adaptationFjgure 19 and Figure 20). Under the high emissions and moderate
mitigation scenarios in 2100, the damage reduced by 90% (216Xbillion/year) and 89% (97 billion/year)
respectively Likewise, 63% (1.3 million/year) and 59% (0.8 million/yefaniver people would be exposed to
coastal flooding respectively. The average annual cost of adaptation for thardJUKover the period 2020
2100 is 1.9 Cbillion/year in the high emissions scenario and €illion/year in the mitigation scenario. The UK,
Germany and France have the highest adaptation costs because of higher construction costsremuhts of
coastline where additional protection is required. The average annual cost of additional coastal protection is
about two orders lower than the estimatkreduction in annual flood losses by the end of the century. This
means that investing now in coastal protection will have very large (and growing) benefits in the long term.

The costs and benefits ofaisingdykes varies strongly between coastal segmeiit Europe. The presence of
humansettlements makesnvesting in dykes economically beneficial, typically when population density exceeds

500 people per ki In urbansed and economically important areas the benefits of raising dykes tend to be

several times the costs, which is the case for 19% and 23% of the European coastline under moderate
hdodb\lodji Vi Hcdbch >  hdnndji n' h m  nolasts?additiqgnalgtotechjio@j r ~ g~ m
against coastal inundation iseither needednor economically beneficial. This can be either because natural

barriers will sufficiently safeguard against the projected rise in sea level extremes in areas with steep
morphologyor because costs of raising dykes outweitie benefits, which can happen in sparsely populated

areas and along complex, winding coastlines.

The averageise in coastal defence height where further protection is needed in the EU is 100 and 84 cm under
a high emissions and moderate mitigation scenario respectively. In Belgium this is even more than twesmet
and also in Slovenia, Latvia, Poland, Germany, the Netherlands and the UK additional protection wethradove
metre will be required. This impliethat along many densely populated and economically pivotal coastal
stretches of the EU the shoreline may become disconnected from hinterland areas.

Factors that control costs and benefits of raising dyk  es

The results of the cost and benefit analysis asensitive to some implementation choices. Shoreline length
applies a critical control on the costs of dyke upgrades, which could be reduced substantially in areas with highly
fractal coastlines by installing defences further inland. The outcomes are &=y sensitive to discounting,
which gives more weight to present capital costs and downgrades the benefits that will mostly come later in
the century. We used discount rates in line with the EC Guide to-Besefit Analysis of Investment Projects

that were assumed constant in time. Using lower or tirdeclining social discount ratestrengthensthe case
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that we should act now to protect future generations. Similarly, dyke heights are optimised here considering the
most likely projection of future extremsea levels. Decisiomakers could select a more conservative criterion
and aim to protect against the higlend, less probable future extreme sea level scenarios. This would require
higher investments but imply less risk for future generations.

Impacts ofclimate change on coastal zones are not limited to growing coastal flood risk. Coastlines will also
be subject to increased potential of erosion, the loss of {ing coastal ecosystems, and landward intrusion
of saltwater, some of which can also be mitited by raising dykesDirect damage to port and maritime
infrastructure are also not fully capturedin addition, the present assessment is limited to thes2dentury, but

sea leves and consequent flood riskre expected to continuéo rise well beyond2100, even with accelerated
rates. Including these effects would render additional protection as even more economically beneficial.

Approach

Projections of sea level rise, waves, storm surges and tides under a high emissions scenario (RCP8.5) and
moderak mitigation scenario (RCP4.5) respectively, were used to estimate extreme sea levels up to the end of
this century. These were used to generate flood inundation maps from which population exposure and damage
were estimated using deptldamage functions. Rure changes in population and economic activities are those
from the ECFIN Ageing Report.

The level of adaptation (i.e. height in cm of raising dykes) was determined for each section of coastline by
identifying the raised height that maximises the sum owvhe project lifetime (up to 2100) of the costs and
benefits associated with the investment, assuming discount rates of 5% (Cohesion Fund countries) and 3%
(other Member States). The costs were calculated as the sum of natiaval capital investment csts to raise

dykes and maintenance costs. The benefits are the damage avoided by increasing the dyke height, calculated
as the difference between future damage with and without raised dykes respectivityod losses, costs and
benefits are presented undi®unted in general, but in the costenefit analysis of adaptation future costs and
benefits are discounted. The benefibst ratio, which is the ratio of total benefits to total costs, is also based

on discounted values and was calculated for each sectidmational coastline, at NUTS2, country and+IK
level.More details in Vousdoukas et al. (2020).
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10 Wildfire danger and vulnerability

In 2018 more EU countries than ever were hit by wildfires, with Sweden experiencing the worst fire
season in reporting history . In the first half year of 2019 the number of fires recorded in the EU
was three times the average over the past decade. Changing weather conditions associated with
global warming could further increase fire danger in most of Europe. The projected increase in fire
danger is strongest in southern European countries, where fires are already frequent and intense.
The number of people living near wildland and exposed to high -to-extreme fire danger levels for at
least 10 days per year would gr ow by 15 million (+ 24%) with 3°C warming, compared to now.
Climate change would also result in major shifts  in the locations of current ecological domains and
induce stress on the structure and composition of vegetation, leading to increased vegetation
vulnerability to fires. Mitigation alone is not enough to avoid adverse climate change impacts and
adaptation strategies will be needed in order to enhance social - ecological resilience to wildfir es.

Wildfires in Europe tod ay

In recent years, large wildfss have repeatedly affected Europe. Mediterranean countries like Portugain S
Italy, Greece and France, are currently most prone to fires acwbunt for around 85% of the total burnt area

in Europe. In these countries, fires destroyed nearly half Hiom hectares per year on average between 1999
and 2016. In 2017, the worst year over the last two decades, the total burnt area in Portugal, Spain, and Italy
alone exceeded 0.8 million hectares. In 2018, vulnerable ecosystems of the Natura 2000 nethanrie to
several endangered plant and animal species, lost 50,0@@thresto fires, accounting for approximately one
third of the total burnt area.
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Figure 21. Additional mmber of days per year with higho-extreme fire dangerdaily Fre Weatherindexh f , see
Approach for different levels of global warmingcompared topresent(1981-2010).

Wildfire danger on the rise with global warmi  ng

The number of days per year with high to extreme wildfire danger is projected to messrly everywhere in
Europe with global warming as a result of higher temperatures and increased spells of dryrégsr¢21).

Only in scattered partsf northern Europe (the area around and south of the Baltic Se&)the number of high

to extreme fire danger days projected to decrease slightly. Fire danger will worsen especially in southern regions
of Europe that already face high fire danger condit®more often. Although the projected worsening of fire
danger is smallerwith 1.5°C global warming, relative to 2°C or 3°C warming, fire danger would still be

! SanMiguetAyanz, J., HousteBurrant, T., Boca, R., Liberta, G., Branco, A., de Rigo, D., Ferrari, Bor2gtifices in Europe, Middle East
and North Africa 2018. Falications Office of the European Union, Luxembourg.
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consistently worse compared to present. This suggests that mitigation alone will not be suffitbelessen
possible impacts of climate change.

Population in Wildland -Urban Interface exposed to fire dang er

The number of Hropeart citizensliving nearwildland and exposed to at least 10 days of high-extreme fire
danger per year is projected to increase from 63 million in the present &million with 3°C global warming
an increase ofl5 million people(24%). When global warmings restrictedto 1.5°C an additional 5 million
people would be exposedompared to now, or approximatelyOlmillion fewer people comparedvith no
mitigation.

Climate change will exert stress on ecosystems and increase their vulnerability to fires

Global warming couldesult in a substantial shift northwards of European ecological domdigure22). This

results in a substantial contraction of the Boreal domain, &g fTemperate domain migrates to the north. The
Subtropical domain is projected to expand around the Mediterranegionand to contract in southerparts

of the Mediterranean region, where the Tropical domain, currently absent in Europe, is expectectdadn

and could become a significant ecological component. The degree of change in ecological domain components
increases with the level of warming and could be considerably halted with climate mitigation.
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Figure 22. Projectedchangesin ecological domain components with globaarming, relative to presentl981-2010).

! Statistics based on available datar countries in EUUK andEFTA, candidate countries and potential candidates.
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The projected changegboth expansions and contractions)ill have a direct influence on the structure and
composition of wildland vegetation (forests, shrubdagrassland) and corresponding fuel characteristi€his
may exertstresson the vegetatiorand increase their vulnerability to firebut also affect vegetation recovery
after the fire. Recovergould become impossible where the intensity of ecmmain $ift would prevent pre
fire ecosystems from reestablishing.

The need for adaptation

The projectedncreasein fire-conducive climate condition® many regions of Europeven underthe lower
levelsof globalwarming suggests that various adaptation mechanisms will be needed to legbenpotential
effects of wildfires onpeople and ecosystemsViost fire ignitionsin Europeare linked to human actions
including negligencandarson Awareness campaigns amdldfire prevention prograrmes couldhelp toreduce
the number ofhuman-ignited wildfires. Active forest management practices catso counteract the impacts of

a changing climateFor example, fuel reduction managemeot prescribed burningan limit the build-up of
fuels and decrease forest vulnerability¥here feasibleand subject to the constraints imposed by ecological
domain shifts changingto less flammable species (e.dtom conifers to deciduou$ and recreating mixed
forests might be also a viable ption in the longer term. Through adequate landscape management, natural fire
breaks (e.g. agricultural land) can be createdot@vent the spread of fire and redecthe areaburned Finally,
increasing awareness on health hazards from smoke plumes from firehé@immediatevicinity and at larger
distances could mitigate human impacts, especidtly citizens with preexisting healthconditions and those
operating in wildfire emergency response.

Approach

PESETA IV estimatedmponents of wildfire danger and vegetation fuel vulnerabilioy present climate and
for 1.5°C 2°Cand 3°Cof global warming above preindustrial levalsingan ensemble of biascorrectedclimate
projections for a high emissions (RCP8&bgnarioand a moderate mitigation (RCP4.5) scenario.

TheCanadian Fire Weather Index (FW8s used to estimate numerically the weathalriven fire dangemusing
simulations oftemperature, wind speed, relative humidignd precipitation The FWI ratedire intensity by
integratingthe effects of fuel moisture and wind on fire behawio. It was calculated at high spatial resolution
and at a daily time step, taking into account weather conditionspiecedingdays. The daily fire danger
estimates were grouped in classes fire danger from days with low danger up to days with extreme danger
Values of FWI above 20 are associated with high fire danger, while vatxegeding 50 typically characterise
extreme danger conditionsThe probability of occurrence of each class was calculated as the number of days
per year that the FWI falls within the range of the respective clalse number of people living imé vulnerable
interface betweenwildland and settlementgWildlandUrban hterface) was assessed at highesolution by
combiningland use information and population density maps.

Potentialshifts of ecological domaia due toglobal warming are an indication of future vegetation vulnerability
to fire. Changesdn the spatial distribution of tropial, subtropical, temperate anddseal ecological domains
(following the global definition of the UN Food and Agriculture Organizatiamd local ecological patternaere
assessed based on the temperature projectioltre details in Costa et al. (2020).
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11 Alpine tundra habitat loss

The alpine tundra domain occurs at altitude in the high mountains in Europe. It is an important
reservoir of freshwater and provides habitat to unique species. The treeline, which is below the
domain, represents the forest limit. About 98% of Europe's alpine tundra domain is in the Pyrenees,
Alps and Scandes. In a 3°C warming scenario, the natural climatic treeline is projected to move
vertically upwards by up to 8 met res per year and over Europe the domain could shrink by 84% of
its present size. In the Pyrenees high warming could lead to a near  total los s of the alpine tundra.
Limiting warming to 1.5°C could reduce the loss of alpine tundra to 4 8%. The projected changes
have implications for vital ecosystem services, habitat for biodiversity, and recreational services

such as skiing. Adaptation is challen ging because of the unique topographic, soil and climatic
characteristics of high mountain syst ems.

Shrinkage of the alpine tundra dom ain

Alpine tundra currently covers around 87,000 kim Europe of which around 25,000 krfin the Alps, 1,800

km? in the Pyrenees and 59,000 kfiin the ScandesThis is close to the size of Austria or Portugal. However,
the domainis projected toshrinksignificantly with global warmindFigure23). There are large differences in

the losses projected for the three main regions that make up the domain: the most severe impact is projected
for the Pyrenees, where the current domain virtually disappeaith 3°C, compared téhe Scandes and Alps
whichwould shrink by around 87% and 75% respectiveljhe magnitude of loss is smaller at lower warming
levels but it is still significantwith 1.5°Cglobal warming thealpine tundradomain in the Pyrenees, Scandes
and Alps reduces in area by around 74%, 50% and 36% respecti@gu(e23).
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Figure 23. Projected shrinkagef alpinetundra (%)compared to present.

Losses of alpine tundra in Natura 2000 sit es

Over 16,000 km of currentalpine tundra domairare Natura 2000 sites, a network of nature protection sites
established under the EU Habitats Directieg@proximately20% of the total extent of the current alpine tundra
domain Of the 210 sites that contairalpine tundra, almost all of them are projected to see a shrinking of the
domain: 207 and 208 in the 2°C and 3°C warming scenarios respectively. The magnitude of shrinkirgady
significant under the 1.5°C warming scenario: the current domain within Natura 2000 sites shrinks by between
36% (Alps) and 73% (PyrenegBigure24). The contraction increases gradually with warming, and in the 3°C
warming scenario the current domain inside Natura 2000 sites shrinks by over 74% in all three of the mountain
regions where most of Europe's alpine tundra is currently fowith unmiigated climate change practically

all alpine tundra Natura 2000 sites in the Pyrenees could be lost.
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Figure 24. Projected shrinkage ddlpine tundra within Natura 2000 sites (¥gompared to present

Vertical shifts in the treeli ne

The naturalclimatictreeline is projected tgradually advancevertically upward in mountain regiorsf Europe
with global warming(Figure25). The rateof treeline shift generally increaseat lower latitudes, where climatic
treelines are already highetn the southernmost mountain regions the treeline moves upwards by ard@aid
m every year in the 1.8C warming scenariocompared to 23 m/year at high latitudes. In a 3 warming
scenarig the treeline in the Pyrenees could reach 2,317 m comparet, &5 m now (+642 m). In the Alps, the
treeline could shift from 1,762 m at presdrto 2,288 m (+526 m) with 3T warmingwhile in the Scandes it
could climb from523 m to 859 m (+336 m).
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Figure 25. Climatic teeline elevation for 16 mountain regions EBurope, currently, and in ’§ 2°Cand 3°C warming
scenarios. White lines group impacts for each region. Solid and dotted lines showdugsssiorfit for each scenario.

Implications and need for adaptation

Snowretains water above the treeline thats released during the summer months. Shrinkage of the alpine
tundra domain ould alter available water resources downstream in summer monthis #lso associated with

a shrinkage of alpine glaciers, causing debris flows and reductions in water quduligyto an increase in the
amount of sediments in rivers. Cold mountain habitats would decline, leading to local extinction of some alpine
plant species. Warradapted species would increase at the expense of declining -edapted species.
Shrinkage of thealpine tundra domain would likely restrict winter sparts
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Ecosystembased adaptation optionsnclude ecological restoration, increasing biological diversity, assisted
migration of threatened species, ecological corridors;séx conservation and seed b&a Several of these
optionsface constraints arising from the unique topographsnil and climatic characteristicsf alpine tundra
regions Migration of species could be constrained the lack of sufficient altitude to migrate vertically or due
to limiting soil conditions for plant growti he feasibility of the implementation of adaptation measures should
therefore be assessed alocal level RPotential tradeoffs between adaptation for nature conservation and
adaptation for winter tourism shouldlso be considered.

Approach

PESETA IV assessed the effects of climate chang¢henspatial range of the alpine tundra zone in the high
mountain ranges of the Pyrenees, Alps and Scandébmate pojections under a high emissions scenario
(RCP8.5) and moderate mitigation scenario (RCP4.5) were used in ordelinieate the alpine tundra domain

for baseline (19812010) climate andat global warming of 1.8C 2°Cand 3°C above preindustrial leveklpine
tundrawas mapped using a climate classification equivalent to polar climates, where the mean temperature of
the warmest month is less than 10°C. Theojections of temperature wereorrected for bias and downscaled

to high spatial resolution accouting for altitude effects. Projected changes in the alpine tundra domaire

then classified in three potential categories: stable, contraction and expanbiatura 2000 sites projected to

be affected by changes of the alpine tundnaere identified by oerlying areas that are projected to remain
stable, contract or expandith the map of Natura 2000 sites.

Treeline shifts with global warming are assessed in 16 mountain regions in Europe, from the Mediterranean
islands to the Boreal and from the IberigPeninsula to the Carpathians, including the more prominent treeline
ecotones of Europé&.he treeline positiomas mappedbased on a growing season canopy temperature threshold

of 7.6°C. The impacts of declines in the alpine tundra domain &adical shifs in the treeling as well as
potential adaptation optionswere considered by reviewing the available literatureit was not modelled
specifically by PESETA More details in Barredo et al. (2020).
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12 Forest ecosystems vulnerability

Forests cover around one third of the land surface in Europe. They provide key ecosystem services
that contribute to human well -being and climate mitigation. Forests are vulnerable systems
because the long life -span of trees limits rapid adaptation to drast ic environmental changes. In
recent years, about 14 billion ton nes of above ground forest biomass in the EU, or two third of total
stand biomass, was found to be potentially vulnerable to natural disturbances. Hotspot regions
with forest s susceptible to wi ndthrows , fires and insect outbreaks are located in both southern and
north ern Europe. This spatial pattern is strongly controlled by the interplay of forest characteristics

with the background climate. The combination of rising temperature and changes in precipitation
in the last two decades have likely reduced plant defence mechanisms and increased their
vulnerability to insect outbreak disturbances, especially in high -latitude regions. Global warming
will likely increase natural disturbances in the future, especially those from fires and insect
outbreaks that are more severely affected by climate.

Forest vulnerability across Euro pe

At presentaround 26billiontonnesof forest biomassin Europeis potentially vulnerable to natural disturbances.
Nearly half of that amount (46%) is threatened by witidows, followed by forest fires (29%) and insect
outbreaks (25%). There is substantial spatial variatiaoross Europen the wlnerability of forests to the
different natural disturbancesRKigure26). Vulnerability towindthrowsis higher innorthernEurope, prominently

in Norway the British Ists, and insouthern Europe. In these regions, up to 60% of the stand biomass is
potentially vulnerable in areas affected by windthrewA prominentsouth-north gradient of increasing
vulnerability to fires and insect outbreaks emerges, with peatuesin northern Europe, particularly in the
Scandinavian Peninsula, and European Russia where areas affected by these disturbances may lose up to 30%
of stand biomass.
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Figure 26. Forest vulnerability to major natural disturbances in Epepexpressed as thehare (in%) of biomass that
would be lost in case of a disturbancAreas with foret cover fraction lower thari0% are masked outin grey)

Drivers of forest vulnerabili ty

Forest characteristicanotably above ground biomass, growing stock volume, leaf area index, tree age and tree
density,largely control forestvulnerabilityto fires and windstorms. For these disturbances, forest structural
characteristics have more important effects than climate anddiscape conditionsver most of EuropeRigure

27. Contribution of forest cimate and landscapecharacteristicsto forest vulnerability for three major
disturbance types&igure27), although climatefeatures canexert astrongcontrolon fire disturbancen parts

of northern Europe and on wirtldrow disturbance ineasternRussiaFor insect outbreaks, climate conditions
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play a more prominent role. In particular, anomalies in preaifin and temperature are key driveof forest
vulnerability to insects in most ofnorthern Europe, alpine regions and European Russia, while forest
characteristics are critically important in most forests of central and southern regions of EurOperal,
landscape features overalhave a minor effect on vulnerabilityto natural disturbances, with slightly larger
effects on fires in European Russia and on insect outbreakeaisternEurope.
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Figure 27. Contribution of forestcimate and landscapeharacteristicgo forest vulnerabilityfor three major disturbance
types.

Trends in forest vulnerabili ty

Over the last two decades, an increasing amount of forests in Europe has become vulnerable to insect
outbreaks, particularly in highatitude areas, showing regional trends that can exceed 0.bBriesper square
hectare per yearNo clear trends can be detted in the forest vulnerability to windrows and fires over this
period. In fact, the temporal variations inulnerability to fire and wind disturbances show a mixed spatial
pattern. When aggregating over Europe and the different disturbances, a aeaedsing trend in biomass
vulnerability emerges for the recent yeawith a change of about 0.04onnesper square hectare per year

The wind analysis of PESETA IV shows no clear trend in extreme wind speeds with global warming while the
forest fire analysisof PESETA IV projects a climadeiven increase in fire danger in most of Europe, especially

in southern regions. Rising temperatures and more spells of dryness with global warming, especially in southern
Europe, could lead to increasing biomass Idssm insect outbreaks and fires. It is therefore likely that with
increasing levels of global warming, forest disturbances are more likely to occur.

Approach

Thevulnerability of European forests to three major natural disturbaneess assessetfires,windstorms and
insect outbreakgbark beetles, defoliators and sucking insectdulnerabilityis expressed herasthe degreeto
whichforest ecosystems are affected when exposed to a disturbance and it is quantified in relative biomass
loss Such estimées should, therefore, not be confounded with risk levels, as they do not integrate information
on the probability of occurrence of disturbances (hazaFt)r each disturbance type,rmachine learningnodel

was derived to predict biomass losef plant fundional typesbased on a number of forest, climate and
landscape parameters. Foresharacteristicsinclude vegetation parameters describing the forest state and
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productivity, such as biomass, growing stock volume, leaf area index, tree age, tree dendityeardiameter.
Climate information includes long term averages of temperature and precipitation and anomalies therein in the
years preceding the disturbance, as well as extremes of wind and aridity in the year of the disturbance.
Landscape features inctle population density, spatial vegetation variability metrics and geomorphological
parameters. The vulnerability models are calibrated and validated using a large set of records of forest areas
affected by natural disturbances over the period 20(D17. The vulnerability nodels were then wsed to
extrapolate in space and time the annual vulnerability of forest. Based on the resulting time sapasial
patterns andtemporal variationsn vulnerabilitywere evaluated.More details in Forzieri et al. (2020).
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13 Impacts on agriculture

Extreme dry and hot weather spells in recent years have cut agricultural output in important crop
regions in Europe and around the world. In order to understand how the agriculture sector in the EU
could be affected by climate change, PESETA IV conducted an integrated quantitative assessment,
involving climate, biophysical and economic models. In the absence of adaptation, climate change
is expected to substantially lower grain maize and w  heat yields in southern Europe, and to a lesser
extent grain maize yields in norther n Europe. However, EU production could still slightly increase
due to the interplay of different market forces. This is because the negative effects in Europe are
projected to be lower compared to the other world regions . This provides the EU a comparative
advantage in terms of climate change impacts on agricultural productivity, which could positively
affect its competitiveness.

Climate change driven biophysical impacts in Europe

Grain maize is an irrigated crop in most of Europe. When assuming that the irrigation infrastructure of nowadays
m-h\dinfhdi kg\ * A\ i HRoc\Vofhnpaad”d i ofhr\ o ;nofpanels\ g\ dg)\ ]
in Figure28), climate change will substantially lower yields in most producing EU countries. The most severe
impacts on irrigated grain maize are projectéor southern Europe, where potential yieldsulddecline bymore

than 10% in a 2°C warming scenario. The losses are slightly lower with 1.5°C warming.
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Figure 28. Results of the biophysical assessment, showing ensemble mean changes of grain maize yield relative to
baseline(%) for 1.5°C (left panels) and 2°C (right panels) warming scenarios, assuming fully irrigated conditions
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