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About the BIOCLIMAPATHS project antthis Synthesis Report

This synthesis report is a product from the ERANET 8 ) 3 DPOT EAAO O" )/ #,)-10!
assessment ofimpacts, risk propagation channels and potentialulnerabilities from changing

patterns of climate extremesin the EU bioeconomy. The report summash © OEA DOT EAA OGS (
findings for stakeholders in the EU bioeconomy, includingesearch communities,actors in food

and nonfood bioeconomy supply chainspolicy makers and others concerned wh climate

related disruptions ofthe biobased foundation of @r economic systems and societiedn line with

the theme of the 2018 AXIS funding scheme, i.e. the assessment of casgoral climate impacts

and pathways for sustainable transformations, BIOCLIMAPATHS contributes to broadening the
knowledge base that helps guiding sustainable EU bioeconomy strategies towards meeting the

Paris Climate Agreement and the UN Sustable Development Goals (SDGs). This is resdd

through an assessment of interrelatedsocial and ecologicahazards, impacts and vulnerabilities

associated withclimate extremes Based on the summary of research activities in BIOCLIMPATHS,

this synthesis report provides insights for designing and asessing bioeconomytransformative

strategies towardsmore resilient societies in acontext ofenvironmental change and fundamental

uncertainty in the global biosphere.

The objectives of the BIOCLIMAPATH®roject andthis synthesisreport are to

(1) contribute to more accurate estimations and better quantified uncertainties with respect to
the relation betweenthe most relevant climate extremes and primary biomass production
at the subnational levelof the EU

(2) identify and understandrisk propagation ¢ hannels of climate extremes in terms of shocks
in primary biomass supply andtheir impacts on biobased supply chains

(3) identify (potentially) vulnerab le economic activities, regions and social groups for
climate hazard related risksin a bioeconomy in particular farmers and households, both in the
current as well as in more advanced bioeconomies

(4) develop the first EUdatabasesof national and sub-national input -output (10) tables with
disaggregated bioeconomy sectors , to assesssocial and environmental impacts of climate
hazards on food anchon-food biomass supply chaingrom a global trade network perspective

(5) advance macro-economicmodelling in the field of climate impact researchby developing a
bioeconomy focused regionalisedAgent-Based Model embedded in the national 10 table
(hybrid 10 -ABM). For the first time, the transmission ofclimate hazardshas beentraced through
bioeconomy supply chainsonto individual agents inregional socio-economic systems

(6) presentanovel SDG framework to assess bioeconomy strategies, capturing both their role

as mitigation strategy towards curbing anthropogenic CO2 emissions, as well as their role as
driver of adverse (feedback) effects in the climate system, both in terms of unsustainable resource
use andrelated environmental pressures in the global resource system.

To achieve its objectives, the BIOCLIMAPATHS project developed an interdisciplinary
methodological framework for comprehensive knowledge production orclimate risk transition
pathsin a bioemnomy from a crosssectoral, i.e. social and ecological, perspective. Its approach



is based on softlinking biophysical and economiaatabases into a stepwise modeling approach
to addressfive key research questions on novel risks related to bioeconomy tansitions in the
EU economy:

R1: What are (future) climate hazard hotspots in the EU anddw do climate hazards affect
primary production in the EU bioeconom§

R2: How can we assesbiophysical and socially amplifiedrisk transmission channels of climate
extremesin the EU bioeconom(

R3: How are food and norfood bioeconomy sectors affected bylirect and indirect impacts of
climate extremesin the EU?

R4: To what extent are heterogeneous regions and vulnerable groupsffected by climate
extremes in a boeconomy?

R5: How is socieeconomic and sociakecological resilience, in particular food, climate and
economic security, affectedand promoted in different bioeconomy transition paths subject to
climate hazard risk?

Figure 1 provides an overview of the methodological approach to address the reseech
guestionswith the step-wise, interdisciplinary , approach.

Input Method Output (Milestones)
WP1: Identification & analysis of climate extreme (CE) hotspots (PI: PIK)

WP2: Bio-IOT construction and modelling across scale & time (Pl: UPO& US}

WP3: Constructing the hybrid BIOCLIMARISK ABM (PI: 1IASA)

WP4: Modeling climate risk scenarios in bioeconomy pathways (Pl: WU)

WP5: Synthesis report: towards resilient EU bioeconomy pathways (Pl: WU & PIK)

Figure 1: Overview of the BIOCLIMAPATHSnethodological approachby means of 5 work packages (WPs). PIK:
Potsdam Institute For Climate Impact Res®OAEh 50/ ¢ 51 E OAWE B% Ariversidadide BevilabIIASA:
International Institute for Applied Systems Analysis, WU: Wirtschigsuniversitéat Wien/Vienna University of Economics

and Business



Climate, vegetation and crop production databaseare the starting point for the assessment of
biophysical risk transmission channels Bophysical and monetarySupply-Use Tables have been
constructed and/or updated for the analysis of climate extreme impactat the level ofnational
and subnational regions, including bioeconomy supply chains and institutional sectors. iRally,
firm and socio-economic databases at the sulational level of Austria have been used to
regionalize both the national level InputOutput Table andan AgentBased Modeltowards
regional (NUTS2 level input-output tables with a high bioeconomy sector resolution The
assessment of climate extreme risk transmission channels of climate hazard risks in thastrian
Bioeconomy has been achieved by selinking biophysical, input-output and agentbasedmodels.

The project has been implemented as five interrelated work packages by arterdisciplinary

research team between April 2020 and December 2022The team consisted of researchers from

Germany Potsdam Institute For Climate Impact ResdaE Qh 3 PAET j 51 EOAOOEAAA 0
Universidad de Sevilla) and Austria (International Institute for Applied Systems Analysis and the

Vienna University of Economics & Business), togetlegresenting multiple scientific disciplines,

climate regions and stakeholders in the EU bioeconomy. The project has beenfoaded by the

Federal Ministry of Education, Science and Research in Austria, the Federal Ministry of Education

and Research in Germany, the Ministry of Science and Innovation in Spain, adlwe by the

%OO0T PAAT S5TETTh AO bAONsskewdmentBi Cro&sE&Psectordl)clBnate, mp A A
publications and other communications can be found at the PrEAAOGste x AA
www.bioclimapaths.eu.

As adeliverable of the project, thisSynthesis Report summarises the main findings and results
of the BIOCLIMAPATHS®roject and addres®sthe listed research questionsboth throughout the
chapters andsummarizedin its final chapter. In Chapter 1, we will define the EU Bioeconomy and
the BIOCLIMAPATHSesearch approach from an interdisciplinary sociakcological systems
perspective and, based on the literature, highlighthe relevance of studying climate extreme
impacts in a bioeconomy transition context from a risk transmission perspective. Chapter 2
highlights changing patterns of climate extremes foselected climate extremes in the context of
the EU bioeconomy. Bapter 3 describes the use of climate extreme datalsas for the
methodological developmentof yield and production impact analysisand showsresults of direct
climate extreme impactsfor selected cropsat the NUTS1 national and aggregatetevel of the EW2
The following two chapters extend the direct impact analysis of climate extremestowards
indirect impacts on supply chain activities in the EU bioeconomy, both from a biophysical
perspective (Chapter 4) and a monetary perspective Chapter5). Chapter6 conneds EU level
impacts of climate extremes with the regional level in Austria and shows that the methodological
integration in BIOCLIMAPATHS goes beyond the state of the art in soéitional impact
assessmens of climate extremes on heterogeneous agents a boeconomy context It should be
noted that the model and presented results have beeapplied to the current bioeconomy in
Austria and that we continue to work on more advanced bioeconomy transition paths in the
Austrian context after project closing. To tht purpose, Chapter 7 describes the assumptiorsd
estimatestransition capacities offour bioeconomy transition paths at the regional (sukbnational)
level of the Austrian bioeconomyChapter 8presents the SDG framework to assess the dual role

1 https://jpi_-climate.eu/programme/axis.
2]t should be noted that we were not able to carry outhe direct impact analysis for forests and timber due to poor
data coverage at the sulmational level.
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of bioecoromy strategies, both as mitigation strategies towards curbing anthropogenic GO
emissions, as well as potential driver of adverse (feedback) effects in the biospheirechapter 9,
we answer the research questions to the extent possible, by synthesizingethresults of the
different chapters.

1. EU bioeconomy in a context of increasing climate extremes

1.1 Dual role of EU bioeconomy in sustainability transformations from a
climate change and climate hazard risk perspective

In the context of climate changetad the continued high dependency on fossil fuels, the European
Union (EU) has launched a bioeconomy strategy in 20XEuropean Commission, 2012) Through

the replacement of nonrrenewable fossil fuels by renewable biobased resources in material and
energy supply chains, mainly based on primary and secondary products from agricultural and
forestry activities, bioeconomy strateges aim at mitigating climate change by reducing
anthropogenic greenhouse gas emissiondn this context, bioeconomy is defined as the
production, utilization, conservation, and regeneration of biological resources, including related
knowledge, science, tehnology, and innovation, to provide sustainable solutions (information,
products, processes and services) within and across all economical sectors and enable a
transformation to a sustainable economyGlobal Bioeconomy Summit, 2018)The original aim of

the EU Bioeconomy Strategy was to support research and development of industrial innovations,
as well as at their upscaling for the enhancement of competitive markets, green growth and
employment at the European and Member State level. However gtlevaluation and update of the
EU Bioeconomy Strategy in 2018 recognisedcological risks and potentially adverse impacts
related to unsustainable use of biobased resources in the global resource system and emphasized
OEA EIiI bl OOAT AA T FAODAGEADADABET ABT REI BT A OAOPAA
local, largely rural, resource use contextéEuropean Commission, 2018)As a result, an increasing
number of sub-national regions are in the process of designing and implementing bioeconomy
strategies, based on theiecological, agricultural, industrial and/or logistical conditions (Biber-
Freudenberger et al., 2018; European Commission, 2022)

At the same time, climate extremes including floods, storms, heat waves and droughts in the EU
have increased in frequency and intensity as a result of anthropogenic climate drivers, of which
an estimated one third is generated by land use change and gné®use gas emissions in the
global food system(Vermeulen etal., 2012; Tubiello et al., 2021)Furthermore, as a bioeconomy
transition implies a more direct dependency of a wide variety of economic value chains on
primary biomass production and productivities (yields), and because extreme events due to
climate change are projected to increas (Spinoni et al., 2018; IPCC, 2022k0cio-economic
exposure and related vulnerabilities to climate hazard risk are likely to increase in societies with
more advanced future bioeconomies. As such, bioeconomy strategies may not only contribute to
climate change miigation, but may also drive environmental degradation, increase inequalities
within and among societies and may hamper the achievement of the EU 2030 climate and energy
targets and the UN SDGs. Improving our understanding of the dual role of a bioecondnaysition

in relation to increasing climate hazard risk from a sociakcological systems perspective is a



fundamental step to building socialecological resilience and to plan effective mitigation and
adaptation strategies. This also includes the subational level where regional bioeconomy
strategies are to be implementedKircher, 2019; Schutter et al., 2019)

1.2 Biophysical impacts of climate extremes on primary activitie in the EU
bioeconomy

A wake up call on the potential impacts of extreme climate events in Europe has been the extreme
drought and heat wave in the summer of 2003, when summer temperatures have been 20 to 30%
higher than the seasonal average in an areanging from Spain to the Czech Republic, as well as
from Germany to Italy (Copa-Cogeca, 2003) The ceoccurring heat and drought wave has been
associated with a large number of casualties among elderly, destruction of forest areas (by forest
fires), disruptions of water ecosystems and a substantial decrease in agricultural prodtimn
(Bono et al., 2004) In total, an estimated 647,069 hectares of forest area had been destroyed,
largely in Portugal and Spain. In crops, compared to the 2002/2003 growing season, fodder
output decreased by60% in France, 40% in Italy and 30% in Germany, Austria and Spain. Maize
production dropped with nearly 30% in France, 25% in Italy and 14% in Spain, whereas wheat
production dropped with nearly 20% in France and Austria. Potato output had suffered
production dedines of ca. 37% in Spain, 26% in France and 25% in Germany. Apart from yield
drops, the harvested potato area waalso lower (smallest areasince 1995). Overall, the arable
sector suffered from an aggregated drop of ca. 10% in production compared to theepious year.

In addition, the livestock sector has been severely impacted by reduced feed grain and fodder
supplies, resulting in higher feed costs and depressed farm incomes. Fresh grass and hay (from
pastures) had suffered from moisture shortage and theesulting lack of green forage negatively
affected the beef and dairy sector by decreased milk supply, lower milk quality and early
slaughterings. Among the livestock sectors, eggs and poultry meat had been hit hardest (by heat
stress) with decreased prodictivity and a reduction in the poultry flock of up to 30% in Spain.
Support to relieve vulnerable groups in society mainly included measures to increase feed supply
(Copa Cogeca, 2004).

For the year 2018, one studyBeillouin et al., 2020)found that both extremes in temperature and

in precipitation were associated with negative yield anomalies in Europe, but with varying
impacts among regions. Multiple and simultaneous crop failures due to drought and temperature
extremes in spring and summer in Northern and Eastern Europe, in particular efheatand barley
(not maize), were found to be nearly offset by favorable higher than usual yields due to favorable
spring rainfall conditions in Southern Member States. Furthermore, this studjound that no
single climate variable explained a large fraction of the yield anomalies and that no clear trend in
the frequency of extreme yield lossesould beidentified for any of the considered crops between
1990 and 2018. The authors stress the imptance of considering both single and compound
climate extremes to analyse the causes of yield damagessk et al(2016) applied a superposed
epoch analysis to estimate average national patisaster cereal production losses due to
droughts, floods and eeme temperature disasters between 1964 and 2007. Most importantly,
the authors showed that cereal production in Europe, as well as in other technically advanced,
high-income regions, decreased by almost 20% on average per climate extreme event, as
compared to lower than the global average reductions ifow-income regions. However, average



yield responses inhigh-income regions generally reflect high yield levels and resulted from a
limited number of extreme impacts and a large majority of moderate yieldesponses.

The above indicates the potential severity of climate extreme impacts at the national level.
However, research showghat national level impacts may largely differ fromlocal impactsand
that it is important to pay more attention to the impacts ¢ extreme weather events at the sub
national level (Pagliacci and Russo, 2019)n particular, it has been showrthat agri-food activities

in rural regionsare highly vulnerable toclimate relatedshocks, both in developing ad developed
regions. Although the majority ofclimate extremerelated literature at the local level tends to
focus on flood related eventsas theseare reported as monetary damages itnstitutionalised
disaster databases,heatwaves water scarcities and droughts have been associated with
increasing farm and public level impactsin agriculture and rural communities (Iglesias and
Garrote, 2015; Aguiar et al., 2018)

Basedon our own analyses of sulnational production losses in the 20 most important wheat
producing regions at the NUTS1 level of the EU (including Denmark and Czech Republic as
national level regions), we found mixed results for changes in frequency and intsity of climate
extreme impacts over the period 19812000 (Figure 1.1). In terms of frequencies of extreme
years, including events of heat, cold, drought and precipitation extremes, we find evidence for a
tendency towards a higher frequency in Northern (Genany) and Eastern (Hungary, Poland)
regions of the EU in recent decades, but not in the largest producing regions of France. With
respect to the intensity of climate extremes, a decrease in impacts has been noted in the regions
that were most strongly afected in the 19812020 period, i.e. wheat producing regions in Spain
and Germany, whereas most other regions show no clear pattern of increase or decrease in impact
intensity. This could indicate that climate extreme adaptations in the most affected regisrmay
have beensuccessfullyimplemented. In particular, such adaptations involve the storage and
access to water sources for irrigation, as water sources tend to become inaccessible during
periods of drought extremes(Schewe et al., 2019)
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Figure 1.1: Frequency and intensity of extreme ewvets for the 20 largest EU wheaproducing regions (period 1981
2000 and 2001-2020) (Source: Yield and production data from Eurostat; Climate extreme data from ERA&Nd
reanalysis dataset)

As for the future, the IPCC sixth assessme(iPCC, 2022)indicates that (most of) European
agriculture will be exposed tothree key climate hazard risks(1) heat stress, including expanding
fire hazard risk, resulting in substantive agricultural (and forestry) losses, (2) expanding water
scarcity, which will affect irrigation possibilities and aggravate the impacts of heat stress and (3)
crop losses related to more frequent river floodingWith respect to the modelling of impacts
under future climate changescenarios, however, it has been shown that statef-the-art global
impact models underestimate the impacts of climate extremes agross primary production. Most
integrated assessment models capture gradual changes in crop yields and water resources in
response to climate change, as well as extreme impacts on water levels. However, severe impacts
of climate extremes, in particular droughts, on arable and ecosystem productivityshow to be
underestimated by a large margin, both by sector models as well as by crop model ensembles
(Schewe et al., 2019)As such, existing climate change scenarios may be sofstimal to assess the
societal risks of climate extremes in a bioeconomy transition context. In BIOCLIMAPATHS, we
therefore (also) identified historical years of climate extremes and analysed their impacts on
primary production (and bioeconomy supply chaingwith empirical approaches.
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1.3 Risk propagation channels of climate extremeis the EU bioeconomy

A bioeconomycan be characterized by the use of biological inputand the supply of biobased
outputs by multiple food and nonfood supply chains such aghemistry, textiles, construction
materials and energy(for example, Kircher, 2021) As an emergent behavior of theclimate
system, climate extremes adversely affect ecosystem productivity andoropagate asbiomass
supply shocksthrough biobased supply chains on to the householtevel in society. Climate
induced impacts on supply chains and householdshowever, prove hard to isolate due to
differences in the definition of extreme events, théack of robust databases as well aso model
limitations (Arto et al., 2014; Schewe et al., 2019\part from the biophysical shockseconomic
impacts of exteme weather events areeven more challenging to estimate due tthe complexity

of the risk propagation channelsand their feedback effects in interrelated sociakcological
systems (Challinor et al., 2018) Agriculture and food activities are generally understood as
complex adaptive systemsn heterogeneous contexts(Lansing, 2003) and their complexity is
further increased bytransnational supply chains in the gldal food trade network (Puma et al.,
2015; BednarFriedl et al., 2022) FAO(2011) warns that disproportional impacts of agricultural
commodity or food price shocks on society emerge because governments and households assign
low probability to the occurrence of extreme shock and, hence, are not prepared flarge-scale
(trade) disruptions. In line with this, (Foti et al., 2013; Dalin et al., 2017point at potential
OEi E1 AOEOEAO xEOE AAIT OUOOAI AAEAOET Oh creaBidgOA OET /
robustness for small shocks but to decreasing robustness in the face of large, cascading shocks up
01 OEA OUOOAIi 68 "OEIAENC#1)-08AD(&861 SAREBEACAEEEDA
flow of knowledge production is grounded in a systemsperspective onbioeconomy transition
paths in the interdependent socialecological system(Figure 1.2).

Interdependency meansthat social systems are dependent on life sustaining services from
ecosystemsand the climate system and that thebehaviour of ecosystemsand the climate system
is largely influenced byhuman (economic) conductand their governance structuresin society
(Anderies et al., 2004)Indeed, climate hazardisk can be understood agmergentpropertiesin
the socialecological systenm(Diaz Simal et al., 2011 Where bioeconomy transition paths can both
mitigate and exacerbate the intensity of impad and, henceunderstanding their impacts is
critical for socialecological resiliencein societiesunder climate change(see alsoChapters 6 and
7).

11
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Figure 1.2: Conceptualisation of bioeconomy transition paths from a sociacological systems perspective

From an interrelated systems perspective, #ypology for two distinct transmission channels of

climate risk has been proposedn the literature (Challinor et al., 2018), i.e. (1) climatic risk
transmissions and (2) resourcegenerated transmissions of climate hazards. Single, recurring or
tele-connected weather extremeg O ( A U M@yicause resource generated shocks in primary
productionj O$ E OA A Q, lepdingtA fobally constructed amplification responses that affect

prices of commodities and value added of supply chains in the global resource systet)(T AEOAAO

different from a spatially oriented risk perspective in climate impact research.

In a bioeconomy context, the first, climatic risk transmission channel, e.g. El Nino leading to large
scale drought events, may affect supply anelated access to food and feedstock along multiple
regions and sectors in the global resource system. We call this thiephysical risk transmission
channel of climate hazards. The secong parallel - type of risk transmission channels is
associated withreal or perceived resource limitations from supply shocks by exposed activities,
regions or societies as a whole, resulting in e.g. export restrictions or other (price affecting)
governance measures in the global resource system. We call this teecial amplification
channel of climate hazard risk in a bioeconomy context. As an example, yet in a different
context, price increases of food commodities in the world market have been associated with trade
measures in response to disrupted supply chains by the wan Ukraine and RussigFigure 1.3).
This has affected food security of marginalized groups in the global resource system, especially
in lower income countries(Mamonov et al., 2022)
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Figure 1.3: International wheat prices and trade policy measuregSource: Ruta, 2022. Figure used with permission)

The risk that a climate extremepropagates a crisis though disproportional impacts along its
transmission channelsalso needs to take the concept ofrulnerability into account (.e. the
inability of households, sectors, communities, countries to absorb adverse impacts). For example,
rice price increases are gnerally easier absorbed by higfincome regions than by lowincome,
often more rice dependent regionsHallegatte and colleaguef2016; 2020) stress the importance
of identifying (and defining) poor people in the disaster context, for example the bottom 20% of
the consumption distribution. With this definition, both in low and high-income countries, a
substantial share of farmers and workers inagriculture and food related activities qualify as
poor3. From asupply perspective vulnerability tends to be related to a series of factors that
include the type and pattern of climate gtremes, soil conditions, lack of irrigation possibilities,
dependence on imports to meet food needs, linkages withtl@er sectors and the broader
transmission of events in the macreeconomy including exchange rate volatility and inflation
uncertainty, among others (Prakash, 2011) From a consumption perspectiveit is important to
focus on vulnerability stemming from shocks in final demandbecauseagriculture, food and non
food bioeconomy activities and products areof particular importance (as compared to other
economic activities)for the satisfaction of subsistence needs such as food, housimtpthing, and
energy needsn society (Schutter et al., 2019)

In BIOCLIMAPATHS, we address the logical chain of single amdoccurring climate extremes
(chapter 2), their direct impacts oncrop yields and agricultural production at the sub-national
level in the EU(Chapter 3) and the indirect impacts of climate extremeson activities the EU
bioeconomy (Chapter 4) from a biophysical risk transmnission channel perspective. In Bapter 5,
we provide insights on the potential social amplification of biophysical risksin the EU
bioeconomyin a global trade contextyet, due to a lack of price mechanisms in the methodology,
the results still mainly reflect biophysicalimpacts). Chapter 6, finally, provides insights on socially
amplified risk transmission channelsand vulnerabilities in heterogeneous regionsat the sub
national level of the Austrian bioeconomy(subject to the same limitationsas Clapter 5). Figure

3 https://www.socialeurope.eu/stop -eu-money-for-labour-exploitation -in-agriculture
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1.4 summarises thecross-sectoral assessment of climate extreme risk transmission channels in
BIOCLIMAPATHS

Biophysical supply
shocks in response

Crop/timber to climate extremes
Droughts —— Jields » Primary production

Cold waves

Biophysical risk transmision channel

Heat waves

Bioeconomy output
Final demand
Distributive effects

Agriculture Firms Households
Forestry Governments
Financial sector

$ 3 3

I Case study Austria

Assessment of bioeconomy transition paths under climate extremes .
Sub-national level

Figure 1.4: Summary of the aoss-sectoral assessment D climate extreme risk transmision channels in
BIOCLIMAPATHS

2. Regional patterns of climate extremes in the EU

In this chapter, we describe and carry out aemporal analysis ofsingle and spatialpatterns of
climate extremes and aim at answering the following research questian

1 What changes in patterns of climate extremes can be observed in the EU?
1 What arespatial hotspots of (changes in) climate extremes at the suhational level of the
EU, relevant in the context of th EU Bioeconomy?

The results, i.e. climate extreme hotspots maps for heat waves, cold waves and flash droughts at
the NUTSL1 levelare available atvww.bioclimapaths.eu/climate-maps.

2.1 Introduction

The recent decades observed changing patterns of climate extremes worldwidth in terms of
their frequency and intensity, as well as theirspatial extent, duration, and timing. For example,
the number of cold nights has decreased, but the warm oneave increased. The number of heavy
precipitation events is growing with regional variations. Climate extremes are becoming more
frequent and cooccurring in a warming world, resulting in compound hazardqForzieri et al.,
2016; AghaKouchak et al.2020). For example, a few European regions faced droughts,
heatwaves, and wildfires in the same year during the period 19%@2018 (Sutanto et al., 2020)
see also Chapter Iabove. More frequent climate extremes lead to a decreased return period
(Lehner et al., 2006) resulting in more persistent climate extremes. For example, Europe has
observed consecutive recorebreaking high tempermatures in recent years(Su et al., 2017)These
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climate extremes are and will negatively impact social and emenmental systems(Forzieri et al.,
2018). Thus, it is esential to better understand ongoing changes in climate extremes and their
projected changes under different global warming scenarios. This chapter briefly reports our two
investigations on climate extremes in Europe.

First, Pradhan and colleaguef022) investigated changes in climate extremes for the last seven
decades, considering the aggregated changes in cold, heat, drought, and precipitation extremes.
For this, we wsed data on climate indices as measures for climate variability to derive climate
extremes(Hansen et al., 1998)Our investigation is based on 39 climate indices belonging to four
climate index groups (i.e., cold, heat, drought, and precipitation). We obtained the data from the
European gridded observational (EOBS)climate indices (version 22.0e) from the Copernicus
Climate Change Service (C3S) for the period of 1950 to 20@Uornes et al., 2018)We considered

a climate extreme as alimmate index value beyond two standard deviations of the mean for the
baseline period 196 1990, accounting for upper and lower ends of severity.

Second, we use a percentilbased approach to assess the annual exceedance index of the three
weather extremesheat waves, cold waves, and droughts for the past (1982020) and future
(20217z2100) (Zhanget al., 2005) We provide a robust extreme event impact assessment based
on this statistical non-parametric definition of weather extremes. For the past, we used daily
weather records on a grid level (around 11 km at the equator) from the ERASand rearalysis
dataset, and for future projections, we use modelled daily weather records from EURTDRDEX
(Mufioz, 2019; Christensen et al., 2020)The baeline period for the historical scenario is 198%
2010, and for future projections 198%2005. The shorter historical baseline for future projections

is related to the fact that global circulation models were forced with different emission scenarios
(RCPs)by the start of 2006. Daily thresholds for heat waves, cold waves, and flash droughts are
estimated from the 90th percentile of the daily minimum and maximum temperature, 10th
percentile of the daily minimum and maximum temperature, and 30th percentile othe soil
volumetric water content (0z28cm), respectively(Sutanto et al., 2020) We use a five days centre
data window for all three extreme events to estimate the thresholdfrom the previously listed
baseline periods. The annual exceedance index for heat waves is calculated as the sum of days, at
least for three consecutive days; the daily temperature values exceed the thresholds for June, July,
and August. For cold waveshe annual exceedance index is the sum of days, at least for three
consecutive days; the daily temperature values are below the thresholds for January, February,
October, November, and December. Heat and cold wave exceedance indices are rescaled to NUTS1
regions using a maximum resamplingWe use sequent peak analysis to detect annual flash
droughts, remove minor droughts, and pool interdependent droughts for the season from June to
Octobe (Biggs et al., 2004)Droughts are rescaled to NUTS1 regions by using a mean resampling.

2.2 Changes in climate extremes ithe last decades

We observed more frequent, cabccurring, and persistent climate extremes in the second than in
the first half of our study period. A higher share of locations faces the upper end of climate
extremes than the lower end. Around half of the study area experienced more frequent,-co
occurring, and persistent climate extremes, considering at least two clinmindex groups. This
section discussed the three features of climate extremes separately.
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2.2.1 Changes inclimate extreme frequencies

We observed more frequent climate extremes in the second than in the first half of our study
period (Figure 2.1). Climae extreme frequency has increased for at least two climate index
groups for most locations (93%), considering the upper end foseverity. These locations are
distributed across Eastern Europe and the Mediterranean region.
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Figure 2.1: Climate extremes arbecoming more frequent in the second than in the first half of the study period (i.e.,
1950--1984 and 1985-2019, respectively) for (a) upper and (b) lower ends of severity. The colour represents the
number of climate index groups showing this phenomenorwith the bars showing the share of locations. Noteeprint
from Pradhan et al(2022).

Changes in extreme climate frequencies vary across climate index groups. For example, fewer
1TAAGEI T O jrgnbpq EAA OEI El AOUIOO hi ADA DOBEAADIEA CO AC
in the second half of the study period compared to the first one. This reflected nst-harsh

winters in most locations in recent decades. However, five or more indices had more frequent

heat extremes (upper end) for most loations (87%). For example, more than 65% of locations

AFAAAA OEIT EIAO 10O i1 OA AgOOAI A OOOI I A0 AAUOGS AT A
period compared to the first one. These findings indicated that heat extremes have become and

will become more intense, frequent, and longelasting with changing climate.

In recent decades, there has been a more frequent drought in Southern Europe and the Middle
East. In the second half of the study period, around ostkird of our study locations had increaed
drought extremes (upper end) for at least one index. Similarly, most of our study area (52%)
experienced more frequent precipitation extremes (upper end), i.e., for five or more indices.
These locations were distributed across the study area to a legsextent in the Mediterranean
region. However, the increased heavy precipitation was at the expense of light and moderate
rainfall (Trenberth et al., 2003; Sun et al., 2007T herefore, the Mediterranean region faced more
frequent drier weather conditions.

2.2.2 Changes inclimate extreme co-occurences

We observed an increased number of eoccurring climate extremes in the same year and location
in the majority of our study area (Figure 2.2). Between the first and the second half of the study
period, the share of locations with ceoccurrence of climateextremes (upper end) belonging to
three or more climate index groups has increased from 53% to 64%. Mainly, cold, heat, drought,
and precipitation extremes have increasingly occurred in the same year in these locations. In
recent decades, parts of Wester&urope and the Mediterranean region have become hotspots for
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climate extreme coeoccurrences (Figure 2.2). In contrast, climate extreme eoccurrences have
decreased in parts of Eastern and Northern Europe. There were variations in-ogcurrences of
climate extremes within a climate index group across our study are§eePrahan et al. (2022)or
these variations.
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Figure 2.2: Climate extremes are becoming more @xcurring in the second (b) than in the first (a) half of the study
period (i.e., 1950-1984 and 1985--2019, respectively) for the upper and lower ends of severity. Climate extreme
hotspots and coldspots are identified based on the differences in the number of climate index groups between the
second and the first half of the study periodNote: reprint from Pradhan et al(2022).

2.2.3 Changes in climate extreme p ersistence

In the second half of the study period, climate extremes have also become more persistent
compared to the first half. Between these periods, the share of locations withimate extreme
persistence (upper end) has almost doubled, considering indices belonging to three or more
climate index groups. Spatially, parts of Eastern Europe and the Mediterranean region are
hotspots because they have experienced more consecutivintate extremes for different climate
index groups in recent decades. The share of locations with consecutive climate extremes (lower
end) has also increased from 20% to 61% between the two periods, considering indices belonging
to two or more groups. Partsof Eastern and Northern Europe are hotspots at the lower end in
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terms of climate extreme persistence. There were variations in climate extreme persistence
within a climate index group across our study area. Sé&adhan et al., 2022or these variations.

2.3 Weather extremes

We observe that the frequency of heat waves will increase in future across Europe while the
frequency of cold waves will decrease (Figure 2.3). Our study shows that the frequency of heat
waves will drastically increase in the Europeanauth and north compared to the past. Moreover,
heat waves will be more frequency under a higher warming scenario of RCP 8.5 compared to a
global warming below 2 °C. A greenhouse gas concentration under RCP 8.5 pathway would result
on a temperature increasd £ AAT OO0 1800 # A Undustgaiteniperaiulel, Wiick O A
will be below 2 °C urder RCP 2.6. The higher increase in temperature would also result in a higher
decrease in cold waves under RCP 8.5.

Figure 2.3: Frequency of heat waves (left peel) and cold waves (right panel) for historical 198%2020 (A) and the
future 202172100 scenarios RCP2.6 (B), 4.5 (C), and 8.5 (D). In future, the frequency of heat waves will increase across
Europe while the frequency of cold waves decreases.

For flash doughts, we find that the centre of France and Germany experienced the highest
frequency while the north of Great Britain and Ireland experienced the lowest frequency (Figure
2.4). The alpine regions of Austria, Switzerland, and Italy also experienced aviérequency of
flash droughts. Our analysis of flash droughts is resticrted to the historical events because of
limited data availability for future projection. Droughts are complex weather conditions, resulting
from low precipitation over an extended perbd and often together with heat waves. All results
based on our weather extreme analysis can be obtained from the open repository Zenodo
(Seydewitz, 2022)
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