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Abstract: Heat waves and cold spells have serious impactaataral environment and
society. The main aims of this thesis are to exarpmst variability of Central European heat
waves and cold spells, to assess severity of remanits in a long-term context, to evaluate
simulation of heat waves in climate models, anddastruct their scenarios for a possible
future climate. Heat waves and cold spells wermarily investigated as spatial events, using
gridded data sets. E-OBS gridded data was utiiaexsess past variability of heat waves and
cold spells and to evaluate regional climate m@e€IM) simulations from the ENSEMBLES
and EURO-CORDEX projects. An extremity index thaptres joint effects of temperature,
duration, and spatial extent of individual heat e@a@and cold spells was proposed and tested.
The persistent 1994 heat wave was found to be thet extreme over Central Europe in the
1950-2012 period, and the summer of 2013 was unprecedeaitseveral Central European
stations according to seasonal heat wave charstateri The severity of cold spells was
largest in the winters of 1955/1956 and 1962/126®| the winter of 2011/2012 was ranked
as the & most severe since the mid*26entury according to seasonal sums of the extyemit
index. Reproduction of heat waves in Central Eunwpe examined in an ensemble of RCMs
driven by the ERA-40 reanalysis. The multi-modelameeflected the characteristics of heat
waves quite well, but considerable differences wetasd among the individual RCMs and
deficiencies were identified also in reproducingerannual and interdecadal variability of
heat waves. Magnitude of the 1994 heat wave wedsrestimated in all RCMs and this bias
was linked to overestimation of precipitation dgriand before the heat wave. Projections of
heat waves for a possible future climate were stlidsing RCM simulations driven by global
climate models forced by three different concerdrascenarios. In the near future (2020—
2049), heat waves are projected to be twice asér@gcompared to the historical period and
a similar increase was found under all concentnapathways. By contrast, the projected
frequency of heat waves in the late®'2&entury (2070-2099) depends largely upon
concentration scenarios. Three to four heat wawesspmmer are projected in this period
(compared to less than one in the recent climate)savere heat waves are likely to become a
regular phenomenon. These projections may be pallgnuseful for stakeholders and
policymakers, however, an interpretation has teadreied out with caution due to substantial
uncertainties originating mainly from concentratienenarios and different responses of
climate models to altered radiative forcing. Thesik contributed also to better understanding
of RCMs’ strengths and weaknesses with respecintoillgtion of heat waves that might
eventually lead to improvements of climate models.
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Abstrakt: Horké a studené viny maji zavazné dopady haogni prostedi i lidskou
spol&nost. Hlavnimi cili této prace je zhodnotit prémtivost horkych a studenych vin
v minulosti, analyzovat extremitu nedavnych udalestlouhodobém kontextu, vyhodnotit
simulace horkych vin v klimatickych modelech a it scénde jejich zngn v mozném
budoucim klimatu. Horké a studené viny byly posudagvgevazri jako prostorové udalosti
za pomoci dat v pravidelné siti uzlovych lBo¢gridu). Analyza promnlivosti horkych a
studenych vin v minulosti a validace regionalnidmhtickych modei (RCM) z projeki
ENSEMBLES a EURO-CORDEX byly provedeny na zaklaggidové databidze E-OBS. Byl
navrzen a otestovan index extremity, ktery zofgel teplotu, délku a plosny rozsah
jednotlivych horkych a studenych vin. Dlouhotrvajiorké vina z roku 1994 byla veratini
Evropge v obdobi 19562012 nejvyraz§sSi a léeto 2013 bylo nejextrér§igi na rekolika
stredoevropskych stanicich, pokud jde o celkové chariskiky horkych vin. Nejsilgsi
studené viny se vyskytly vletech 1955/1956 a 198@8 a zima 2011/2012 byla Sesta
nejchladrjsi na zaklad sumy indexu extremity. Zachyceni vlastnosti hohkydn bylo
studovano pomoci ensemblu RGiidenych reanalyzou ERA-40. Modelovyapier odrézel
charakteristiky horkych vin po#gmné dolkie, nicmeg byly zjisS€tny velké rozdily mezi
jednotlivymi modely a nespravné bylo ra@m zachyceni mezitmi i dlouhodobé
promenlivosti horkych vin. VSechny RCM podcenily intetwihorké viny z roku 1994,
piicemz tato chyba byla #pobena filiS vydatnymi srdzkami dhem horké viny aied ni.
Projekce horkych vin pro mozné budouci klima byigtvereny na zaklatl simulaci RCM
fizenych globalnimi klimatickymi modely za pouZiii scén&i socio-ekonomického vyvoje.
V blizké budoucnosti (2020-2049) modely simulujiopghésobnoucetnost horkych vin
v porovnani s historickym obdobimjigemz tento ndist je podobny pro vSechny scéma
koncentraci sklenikovych plyn Na druhou stranu, na konci 21. stoleti (2070-20@9
¢etnost horkych vin sikhzavisla prav na vySe zmiénych scénéch. V tomto obdobi modely
simuluji 3-4 horké viny za sezonu v porovnani s é@eZ jednou v historickém obdobi a
intenzivni horké viny se objevuji pravidélnTyto projekce by mohly byt potencié&lnzitezné
pro politickécinitele i dalSi zdastréné strany, nicménje nutna opatrna interpretacetddu
velkych nejistot plynoucich ze scéfdoncentraci sklenikovych phina tizného chovani
klimatickych model pii zméné radianiho pisobeni. Tato prace rovh prispéla k lepSimu
pochopeni silnych a slabych stranek RCM s ohledarsimulaci horkych vin, coz e byt
pouzito i ke zlepSovani klimatickych model
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1 Introduction and motivation

Heat waves and cold spells are important phenonoéribe European climate. These
events are traditionally regarded as summer (winperiods that last several days with
weather conditions excessively hotter (colder) thammal. Severe heat waves that occurred
in the past two decades and the very cold 2009/2@ib@er in Europe prompted broad
investigation of these events.

Heat waves have major consequences for the nanvalonment and society. Beniston
et al. (2007) pointed to excess illness and maeytalivestock and wildlife stress, crop
damage, spread of pests and increased energy ddaracwbling. More specifically, the hot
summer of 2003 in France resulted in tens of thodsaxcess deaths (Robine et al. 2008),
reduced crop yields, decreased plant productiBgsfos et al. 2014) and record-breaking
loss of Alpine glaciers mass (De Bono et al. 20@dalogous impacts were observed during
the 2010 Russian heat wave (Barriopedro et al. @hti numerous wildfires triggered by
this event caused prolonged episodes of extremediution in several Russian cities
(Konovalov et al. 2011). Among other impacts, cgpells affect human health, infrastructure,
and vegetation (Vavrus et al. 2006; Barnett e2@12).

Due to an expected rise in global mean air tempergdPCC 2013), there are concerns
that losses caused by heat waves will be increagitijough cold spells are expected to
become less pronounced in the warming climate,dsaand Vavrus (2012) pointed out that
possible future strengthening of atmospheric blogkbver the Euro-Atlantic region due to
Arctic Amplification may result in an intensificath of cold spells. In addition, cold spells
may be intensified due to modified wintertime atptueric circulation (Barriopedro et al.
2008) triggered by a possible decrease of solarityan coming decades (Abreu et al. 2008).
Inasmuch as these extreme events are expectednmigesevere and dangerous in a future
climate, it is vitally important to understand #fleir aspects in order to establish suitable

adaptation and mitigation strategies.



2 Literature review

This chapter reviews current scientific literatueéated to European heat waves and cold
spells. It contains five sections that summarizeommon approaches to defining heat waves
and cold spells, ii) temporal and spatial variapibf these events in Europe, iii) driving
mechanisms of heat waves and cold spells, iv) chiyad§ climate models to simulate these

events, and v) projections of heat waves and qudtissin a future climate.

2.1 Definition of heat waves and cold spells

The creation of universal and collective measurésamy meteorological extreme,
including heat waves and cold spells, is difficiferkins and Alexander 2013). Both heat
waves and cold spells can be analysed by meanswdrad meteorological variables.
Although heat waves are predominantly defined basedaily maximum temperature (%),
daily minimum temperature {J,) is also used because high night-time temperatares
important with respect to heat waves’ impacts oméa health (e.g. Fischer and Schéar 2010).
Another suitable variable is apparent temperatwrech combines temperature and relative
humidity and is also known as a heat index. Th&ahnfort index is mostly used when
assessing health risk and mortality during heatesde.g. D'lppoliti et al. 2010), but its usage
is limited due to less available relative humidilgta. In contrast to heat waves, cold spells
have predominantly been defined using temperatasedbvariables only (mainly,F).

The severity of individual heat waves and cold Ispkhs traditionally been viewed in
terms of combined temperature and length. Varioileria have been applied on temperature
series to estimate if weather conditions are exaeglly hot or cold. One method is based on
the excess of absolute temperature thresholds. agpsoach was used by Colombo et al.
(1999), Gershunov et al. (2009), or Kysely (201d)d it is suitable when delimiting heat
waves or cold spells from a single station or framegion with reasonably homogeneous
climate. Another method applied by Shevchenko .e28113) utilizes temperature deviations
from the climatology at individual stations. Thigpaoach respects a local climate and is more
suitable for regional analyses. Many authors usatie-based methods to define a heat wave
or cold spell. The value of the quantile from a penature distribution depends upon the
focus of the study. For example, an analysis ofomayents demands higher quantiles (e.qg.
Meehl and Tebaldi 2004), while statistical and tremalyses (e.g. Della Marta et al. 2007a)
need larger data samples and thus lower quanfildsough a wide range of quantiles have
been used, the majority of studies utilize the B%9e.g. Della Marta et al. 2007b; Kysely
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2008; Stefanon et al. 2012) or 10%/90% (e.g. Fiselmel Schar 2010; Peings et al. 2013)
quantile. The minimum length criterion of a heatvevaor cold spell usually varies from 2
days (Barnett et al. 2012) to 5 or more days (Btdleet al. 2010; Fischer and Schar 2010).
Due to a relatively recent development and impraamnof gridded data, spatial extent of
heat waves and cold spells was not taken into atdouthe majority of past studies. The
spatial extent can be described as a simple fracti@ defined area (Peings et al. 2013) or by
performing a search in a domain and then distirngogswithin which area the extremity of an
event is largest (Mtller and KaSpar 2014). Alongsithalysing spatial extent, Stefanon et al.

(2012) used gridded data to classify European\wasés based on a region of occurrence.

2.2 Temporal and spatial variability of heat waves andcold spells in Europe

Since the beginning of the ®Ccentury, two major episodes of heightened heatewav
severity were observed in Europe. The first oneuned in the 1940s and 1950s and was
especially pronounced over Western Europe (Dellatdiet al. 2007a; Kysely 2008) and the
second, ongoing period began in the 1990s. The maistble European events since the

1990s are listed below:

e 1992: Central European heat wave mainly in Julysgdy 2002), absolutely highest
temperature measured in Estonia (35.6°C)

e 1994: persistent Central European and Baltic heatewn the transition of July and
August (Tomczyk and Bednorz 2015), record-breakiamperature observed in
Lithuania (37.5°C)

e 2003: extraordinary heat wave in Western Europenofeferred to as a ‘mega heat
wave’ (Barriopedro et al. 2011); temperatures wapeve their mean climatology
during almost the entire summer (Black et al. 200dnd absolutely highest
temperatures were measured in France (44.1°C)uddirt(47.4°C), Switzerland
(41.5°C), and the United Kingdom (38.5°C)

» 2006: Western and Central European heat wave (Ky$d0)

e 2007: heat wave mainly over the Balkan Peninsulakéidevt and Tos 2011),
record-breaking temperatures observed in Hungaty9{€), Macedonia (45.7°C),
Montenegro (44.8°C), Serbia (44.9°C), and Slovgka3°C)
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e 2010: Russian and Eastern European ‘mega heat Raegiopedro et al. 2011) that
lasted almost the whole summer, absolutely higteesperature measured in Belarus
(38.9°C), Russia (45.4°C), and Ukraine (42.0°C)

e 2012: record-breaking temperature (40.4°C) was robdein the Czech Republic
during a relatively short heat wave (Holtanova &t 2015), absolutely highest
temperature measured also in Moldova (42.4°C) duthis summer

e 2013: Central European heat wave, record-brealdmpératures observed in Austria
(40.5°C) and Slovenia (40.8°C)

e« 2014: heat wave in Scandinavia and Baltic countadsolutely highest temperature
measured in Latvia (37.8°C)

e 2015: persistent Central European heat wave (Rassd. 2015), record-breaking

temperature observed in Germany (40.3°C)

The past 25 years are exceptional also in the teng-context. Kysely (2010) analysed a
temperature series from Prague-Klementinum (+2086) and the turn of the 2@entury
was found to be the most extreme according to ¢wergy of heat waves. In addition to the
two aforementioned episodes in the mid*2@ntury and since the 1990s, other historical
periods with unusually severe heat waves in Pr&damentinum were observed at the turn
of the 18" century and in the mid-19century. Similar results were obtained from theisSw
station Basel (Fink et al. 2004). However, the sey®f heat waves during ¥8and 14'
centuries may be overestimated due to a so-calaty enstrumental warm bias and
inhomogeneities, which are often reported at Eumopstations (Winkler 2009; Bohm et al.
2010). In addition, measurements may be affectsal lay an urban heat island, but its effect
on summer Faxis relatively small (Wilby 2003). Brazdil and Bidiva (1999), for example,
found no significant influence of the urban hengd on summer temperatures in Prague.

Using proxy data, Luterbacher et al. (2004) recoicstd mean European summer
temperature for the past 500 years and conclucsdthle summer of 2003 was the warmest
one within the entire period. Based on the samenstcucted dataset, Barriopedro et al.
(2011) showed that the summer of 2010 was even eratiman the 2003 summer. These two
summers markedly surpass others regarding temperatwmaly on the continental scale.

Research articles dealing with temporal variabibifycold spells are considerably less
frequent compared to those concerning heat wavesording to Kysely (2008), the most

severe cold spells since the beginning of th8 @éntury occurred in the 1940s over most
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European areas. Other notable events were obsarvedhter 1962/1963 (Cattiaux et al.
2010), in February 1956, in January 1987 (WalshRmtips 2001) and in winter 2009/2010
(Cattiaux et al. 2010). Although severity of coftels shows negative trend since the 1940s,

this decline is smaller compared to the increadeeat wave severity (Kysely 2008).

2.3 Driving mechanisms of heat waves and cold spells

The development of both heat waves and cold spelsirope is related to an interruption
of prevailing zonal flow (Cattiaux et al. 2012) whiis linked to atmospheric blocking
(Barriopedro et al. 2006). Atmospheric blocks asarfed by quasi-stationary anticyclones
lasting one week or more (Buehler et al. 2011).0&nurrence of these blocks is linked to
Rossby wave breaking events (Altenhoff et al. 20@8yen by large-scale meanders in the
upper troposphere jet stream. According to Shubieal. (2011), Rossby waves account for
roughly 60% of temperature variability on monthlybsseasonal time scales over middle
latitudes in the northern hemisphere.

2.3.1Heat waves

Blocking anticyclones trigger extremely high sumnemperatures based on two basic
mechanisms: i) creating positive anomalies in safeadiation budget through clear-sky
conditions associated with subsiding motions (nyainlthe central part of an anticyclone),
and ii) causing a meridional advection of warm ra@sses (mainly in outer regions of an
anticyclone, Pfahl and Wernli 2012). Shubert et (2011) demonstrated a key role of
atmospheric blocking in development of the 2003 2040 heat waves, and Schneidereit et
al. (2012) concluded that the blocking high ovelsteen Russia lasted more than twice as
long as the mean blocking duration for summer.

Kysely (2008) analysed large-scale flow during Bp@@n heat waves using Hess-
Brezowsky synoptic catalogue (Werner and Gerstéregeé?010) and found four major
circulation types conducive to heat waves. Thecgakbne was located over Central Europe
(types HM and BM) or over Scandinavia (type HFA). the fourth type (SWZ), south-
western cyclonal flow was dominant. Cassou et 200%) showed that the occurrence of
blocking anticyclone over central Europe or Scaadia may be favoured by the anomalous
tropical Atlantic heating. These changes of seéasartemperature in the Northern Atlantic

are quasi-periodic and are referred as Atlantictidetadal Oscillation (Sutton and Hodson
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2005). This oscillation is probably linked to oc&athermohaline circulation (Knight et al.
2005) and is well correlated with the duration edbhwaves in Europe (Della Marta 2007b).
Heat waves can be amplified by a soil moisturecitethat results in a reduced latent
cooling and therefore increased summgk.T The majority of severe European heat waves
were preceded by spring precipitation deficit (Rescet al. 2007; Barriopedro et al. 2011).
This finding was supported by model simulationsfgrened by Jaeger and Seneviratne
(2010), who showed that a soil moisture deficiide to considerably amplify summegk
Haarsma et al. (2009) pointed out possible distanhections between soil moisture deficit in
Southern Europe and heat waves over Central andevMeSurope. Intense surface heating
due to lack of soil moisture may trigger a largalecMediterranean heat low, bringing
easterly winds over these regions. In addition, svéch from a global dimming to global
brightening phase in the 1980s due to decline oisa¢ emissions may be also reflected in

increased severity of heat waves (Tang et al. 2012)

2.3.2Cold spells

Euro-Atlantic atmospheric blocking occurs most trently in winter (Croci-Maspoli et al.
2007), and the relationship between atmospheruleition and European temperature is
strongest also during this season (Cattiaux e2@l2). The severity of cold spells is well
correlated with the North Atlantic Oscillation indéNAO) that expresses the strength of a
zonal flow (Scaife et al. 2005). More specificalyinter conditions can be described using
four ‘weather regimes’ (e.g. Hurell and Deser 20W)ich are derived from pressure patterns
over the Euro-Atlantic domain. These are i) positNAO phase, ii) negative NAO phase, iii)
Scandinavian blocking, and iv) Atlantic ridge ofghipressure. In addition, occurrence of
these regimes and winter atmospheric circulatiameg@ly is modulated by quasi-periodical
changes in solar activity (Barriopedro et al. 2088th et al. 2008).

The aforementioned cold winter of 2009/2010 waateel to an exceptionally persistent
negative NAO phase (Cattiaux et al. 2010). The mgeonost abundant weather regime during
the 2009/2010 winter was Scandinavian blocking,cwhs also conducive to cold spells over
Europe (Kysely 2008). By contrast, the frequencyaditive NAO phase was extremely low
(5 of 90 days) during the winter of 2009/2010 (@att et al. 2010).

Beside atmospheric circulation, the severity ofdcepells may be amplified by snow
cover albedo feedback. Plavcova and Kysely (20b®wed that the frequency of north-
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eastern cyclonic synoptic types, which are linkedgsmowfall in Europe (Bednorz 2011), is
significantly increased before the onset of colellsgn Central Europe.

A shift to positive NAO phase since the 1970skelly to be responsible for the majority
of the aforementioned decline in cold spell ocaureeat the end of the ®@entury (Scaife et
al. 2008). Cattiaux et al. (2010), however, conetlidising flow analogues method that the
winter of 2009/2010 was warmer than expected bamedts recorebreaking seasonal
circulation characteristics and attributed thisomsistency to a ‘background warming'. It is
possible that multidecadal variability of NAO maw lalso influenced by global climate
change. Therefore, the higher winter temperaturag Ioe partly either consequence or cause

of the increased NAO index.

2.4 Simulation of heat waves and cold spells in climateodels

Climate models have become a powerful tool for whg possible climate change
scenarios. There has been a continuous increateeiofhorizontal and vertical resolution.
Present CMIP5 global climate models (GCMs) have lioeizontal grid spacing of an
atmospheric component roughly 645, and more than half of them have grids finentha°
(Taylor et al. 2012). This resolution is nevertlssistill not sufficient to resolve smaller-scale
processes and thus additional downscaling is needpecially for regional analyses. There
are two main branches of downscaling methods:ssizl, and dynamical (e.g. Haylock et al.
2006).

Statistical downscaling involves deriving empiria@lationships that transform large-
scale features of the GCMs to regional scale vlsaland includes three categories: i)
weather generators, ii) weather typing and iiinsfar functions (Ghosh and Mujumdar 2007).
A weather generator creates a large number (thds}af time series for any meteorological
variable based on its statistical characteristiesg.( mean, variance, autocorrelation
coefficient) and it was used by Kysely (2010) ttireate future characteristics of heat waves
in Prague. Although many different statistical deasaling methods are available, allowing
flexible and computationally inexpensive proces®irt largest drawback is that empirical
relationships valid in the present climate may lbered under climate change conditions.

Dynamical downscaling is represented by regionmhate models (RCMs). RCMs are
nested into coarser-grid driving GCMs that provi®indary conditions and work within
limited domains (e.g. Europe), thereby allowing tilee of a denser gridthile preserving
reasonable computation time. RCMs may also be wiibyea reanalysis (i.e. perfect boundary
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conditions), and these outputs are used for mogguation. Present RCMs from the EURO-
CORDEX project have a horizontal grid spacing obl&n (Jacob et al. 2014) and very high-
resolution (+2 km grid) RCMs were recently introduced. Thesey\egh-resolution models
are able to resolve small-scale processes (e.@satmeric convection) which mainly improve
simulation of a diurnal cycle of precipitation. Aetker representation of orography further
improves simulation of heavy precipitation, locaind/ patterns, or urban canopy effects
(Rummukainen et al. 2015).

Before analysing climate change projections, maeiulations should be evaluated
against observed data. Realistic simulation of &nampre extremes is related to credible
representation of their driving mechanisms, i.enapheric blocking, soil moisture, or snow
cover albedo feedback (Section 2.3). Although GGivis able to simulate a geographical
location of blocking anticyclones, the frequencyblafcks is generally underestimated (Scaife
et al. 2010). Biases were also found in simulatiohsnow cover (Peings 2013) and soil
moisture (Boé and Terray 2008), which may alteuritprojections. It should be noted that
successful simulation of heat waves in climate nsaeay originate from compensating
effect of underestimated blocking condition and resémated intensity of drought.
Analogously, successful simulation of cold spellaynbe based on less frequent blocks and
overestimated snow-albedo feedback.

The evaluation of RCMs from the PRUDENCE projecsvp@rformed by Kjellstrom et
al. (2007). RCMs overestimated the 95% quantilsswohmer T,.x over Mediterranean and
Balkan Peninsula while underestimation was foundnipan Scandinavia and the British
Isles. A similar bias pattern is present in RCMsrfrthe ENSEMBLES project (Dosio and
Parulo 2011). Kjellstrom et al. (2011) attributée@ hegative temperature bias in the northern
parts of the European domain to improper simulattbrsea surface temperature and ice
condition in the North Atlantic, while the posititemperature bias in the south is triggered by
too-dry model climate in spring and summer in thedirranean. These model deficiencies
and analogous temperature bias patterns are at¢semirin the EURO-CORDEX project
(Kotlarski et al. 2014), despite the fact that RCiere driven by the perfect boundary
conditions. Relatively good simulation of summefa.Jdis achieved over Central Europe,
where Kjellstrom et al. (2010) found the highesillskcores and only small negative
temperature bias is usually reported (Nikulin effll1; Plavcova and Kysely 2011).

Analogously to summer Ly Kijellstrom et al. (2007) evaluated wintery,d in

PRUDENCE RCMs. The bias was positive in Western ldodhern Europe (especially in
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Scandinavia) and negative in the south-easterromegiThe mild winters were attributed to
overestimated zonal flow in the HadGEM GCM. Thisisiccordance with Dosio and Parulo
(2011), who showed that the winteg;J bias in ENSEMBLES RCMs is strongly related to
atmospheric circulation provided by driving GCM$i§ fundamental dependence on driving
data resulted in a different bias pattern in EURORDEX RCMs driven by the reanalysis
compared to ENSEMBLES RCMs driven by GCMs (Kotlaetkal. 2014).

Reproduction of heat waves (cold spells) requiresamly good simulation of the right
(left) tail of a temperature distribution but alsbthe persistence of high (low) temperatures.
Many studies (e.g. Ballester et al. 2010; Fischeal.e2010; Peigns et al. 2013) define heat
waves and cold spells based on quantiles calcufatedach climate model individually, in
order to remove temperature bias. The capabilit¢@RDEX RCMs to simulate heat waves
over Europe was evaluated by Vautard et al. (2083n though the RCMs were driven by
the reanalysis and quantiles were calculated iddally for each RCM, the simulated heat
waves were too persistent and severe, probablyalumeproper simulation of surface energy
fluxes. In addition, Plavcova and Kysely (2015) daded that the overly persistent
circulation in ENSEMBLES RCMs driven by the rearsadycontributed to the overestimated
frequency of long heat waves and cold spells. Gtenated severity of cold spells was found
also by Peigns et al. (2013), mainly due to togglteft tail of the temperature distribution.
Most of the utilized CMIP5 GCMs overestimated thaadion of cold spells, while their

spatial extent was generally underestimated (Peagak 2013).

2.5 Projections of future heat waves and cold spells

Projections of a possible future climate are basedoncentration scenarios, which are
used to provide a description of possible futurel@on with respect to socio-economic
change, technological change, energy and landanskeemissions of greenhouse gases and air
pollutants (van Vuuren et al. 2011). Depending loa thoice of concentration scenarios,
simulations of GCMs project increase of temperauover Europe by -B°C in the
2046-2065 period and by-B°C in the late 21 century (IPCC 2013).

In addition to the shift in mean value of the tenapare distribution, heat waves and cold
spells are also influenced by changes in its vagaim summer, GCMs simulate a widening
of temperature distribution (Cattiaux et al. 20123t may be caused by increased blocking
frequency or enhanced soil-moisture feedback. Therein combination with higher mean

temperatures, heat waves are expected to become freguent, more intense, and longer
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lasting in a future climate (e.g. Meehl et al. 2D@¥ccording to Fischer and Schér (2010), the
frequency of Central European heat waves is pregeid be four heat waves per decade in the
2021-2050 period and 13 heat waves per decade in ta@Bcentury under the SRES A1B
scenario, while only one heat wave per decadenmsilaied in a historical period. Although
these expected changes are usually reported to\mndnainly by higher mean temperature
(Ballester et al. 2010), Seneviratne et al. (208Bp emphasize the role of increasing
temperature variance. Increased frequency of haaesvis projected also under the RCP 4.5
‘low’ concentration scenario (Lau and Nath, 2014).

Changes in wintertime temperature variance maielgetid on atmospheric circulation.
CMIP3 GCMs project decreased temperature variamegnter (Cattiaux et al. 2012), which
is attributable to the increased zonal flow. Thessilts are in accordance with Peings et al.
(2013), who projected a higher frequency of posithNAO phase in a future climate. By
contrast, CMIP5 GCMs simulate increased occurrasfceegative NAO phase in a future
climate (Cattiaux et al. 2013) and Francis and Way2012) suggest that the occurrence of
wintertime blocking anticyclones may be enhanced turapid warming over the Arctic.
Inasmuch as projections of cold spells are relatednany uncertainties, it is difficult to

conclude possible future scenarios for these events
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3 Work objectives

A general aim of this thesis is to study variaibf heat waves and cold spells in the past,
present, and possible future climate. The studyiglucted over Central Europe, which was
affected by several extraordinary events in reogrdrs. Based on the literature review
(Section 2.2), an analysis of heat waves and qoétissis carried out with emphasis on their
spatial extent using gridded data sets, becausechi@racteristic was not often considered in
previous studies. In addition, use of gridded dats is suitable for evaluating climate models
that provide spatial fields of meteorological vates. Nevertheless, ‘point’ station data is
also utilised in order to assess the magnitudecoént severe heat waves on a centennial
scale, because no high-quality gridded data idahlaifor these long-term analyses.

Changes in these events in a possible future airast analysed with respect to related
uncertainties originating from the selection of centration scenarios, combinations of RCM
x GCM, and climate models’ spatial resolution. Rvas studies that analysed heat waves or
cold spells in a possible future climate did notlaate these uncertainties in detail. An
emphasis is given to heat waves as these are ezhasla larger threat in the context of
climate change compared to cold spells, and padbause the occurrence of cold spells is
also related to extraterrestrial effects (Sectid),2vhich are not taken into account in present
climate models. Before assessing changes of heatsaender climate change scenarios, the
capability of climate models to simulate these évas evaluated. Identifying strengths and
weaknesses of climate models is vital for credibterpretation of simulated heat waves in a
possible future climate. The aim of the thesis ¢hi@ved through completing four work

packages (WPs) listed below:

« WP1: Analysing temporal variability of heat wavesdacold spells using (i)
meteorological stations with long-term measuremants (i) gridded data that allow
investigating the spatial extent of these events

« WP2: Describing the most prominent heat waves aid spells and assessing the
extremity of recent events in a long-term context

*  WP3: Evaluating the capability of RCMs to simulbtat waves in a historical climate
and identifying possible sources of errors

* WP4: Investigating possible changes of frequendydraracteristics of heat waves in

a future climate under various concentration s@esar
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4 Study area, data and methods

Heat waves and cold spells are analysed over QeBtreope, which is defined to
encompass more than 600,000%kapproximately between 433°N and 822°E. This area
includes Germany (excluding its northern areasthaRhineland), the south-western part of
Poland, the Czech Republic, northern Austria (b@didy the northern slope of the Alps),
Slovakia (excluding its eastern part) and northéamgary (Figure 4.1). The majority (75%)
of this area has an elevation below 500 m a.sHilewthe rest is formed by highlands and
mountains. According to Képpen-Geiger climate dfasdion, almost entire Central Europe
has warm temperate and fully humid climate withiwaummers (Cfb), while the rest of the
region exhibits snow and fully humid climates (Df)mountainous areas (Kottek et al. 2006).
The definition of Central Europe varies slightly @amy research articles included into the
thesis, mainly due to the use of different data.set
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Figure 4.1. Definition of Central Europe and Wadidital elevation model (ETOPO5).

The data sets and meteorological variables utilingtie thesis are listed below. The data
were used for assessing temporal variability ararastteristics of observed heat waves and
cold spells, evaluating RCMs’ simulations of heatves, projecting their future changes, and
performing additional analyses.
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European Climate Assessment & Dataset (ECA&D) ptqj€lein Tank et al. 2002}
This data set is receiving daily data from 62 caest(10455 meteorological stations)
over Europe, Northern Africa, and Western Asia. Tiegority of these series can be
downloaded online (http://www.ecad.eu/). Althoughany stations exhibit some
inhomogeneities (Wijngaard et al. 2003), this datnevertheless represents the best
source of long-term station data over Central Eerapd has been used in a variety of
analyses (e.g. Beniston 2013; Simolo et al. 20D4)ly maximum temperature from
this data set was used to assess the severityabilawes at Central European stations
with long-term measurements.

E-OBS gridded data set (Haylock et al. 2008)These data are based on the
aforementioned ECA&D station data and are availalver most European regions.
Its grid has a horizontal resolution of 25 or 50 &nd data are available from 1950 to
the present. The data set is still being developeddding new observations and
correcting previous errors. Current and previoussiges are available online via
project webpage (http://www.ecad.eu/download/ensesiiownload.php). Gridded
daily maximum (minimum) temperature from this datt was used to delimit heat
waves (cold spells) with respect to their spatidkst. Links between soil-moisture
deficit and severity of heat waves were studiedugh precipitation data, and daily
mean temperature was utilized to identify hot sumsme

RCMs from the ENSEMBLES project (van der Linden aviiichell 2009)— These
simulations are available in 25 or 50 km grid, covg whole Europe. RCMs are
driven either by the ERA-40 reanalysis (perfectrimary conditions experiments) or
by GCMs (historical and A1B scenario runs). RCMs/@n by the reanalysis and
historical runs are available from the mid™6entury to 2000, while scenario runs
cover the 20032100 period. Data can be downloaded from the projesbsite
(http://lensemblesrt3.dmi.dk/). A capability of RCMs reproduce severe Central
European heat waves was evaluated using theseasiomsl driven by the reanalysis.
Besides daily maximum temperature utilized for tifgimng and describing severity of
heat waves, additional analyses were carried oimgusmulated precipitation and
surface fluxes data. In addition, GCMs-driven siatiohs were analysed to examine
changes in heat wave frequency in a possible fudirete.

RCMs from the EURO-CORDEX (Jacob et al. 20%4)his project is a successor to
the ENSEMBLES project. Individual RCMs were subgectto various upgrades,
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including an improvement of their respective sétphysical parameterizations, while
keeping their basic principles from the ENSEMBLESge. The EURO-CORDEX
project consists of simulations in high resolut{@2.5 km grid) and in coarser 50 km
grid. RCMs are driven either by the reanalysis (EIR#&rim, Dee et al. 2011) or
GCMs. Scenario runs are forced mostly by RCP 4.5R@P 8.5 concentration
scenarios. Changes in heat wave frequency in alpp@dature climate were analysed
also using this data set.

* NCEP/NCAR reanalysis (Kalnay et al. 19967 his data set is available from 1948 to
present with global coverage and a horizontal tggwi of 2.5 x 2.5°. Mean sea level
pressure and 500 mb geopotential height were adatafiom this data set in order to
analyse a large-scale flow during the 2013 heakewav

 CLARIS LPB dataset These data were provided by the Argentine Natidviehther
Service and their quality was analysed throughBbeopean project CLARIS LPB
(Penalba et al. 2014). Maximum and minimum dailpgerature from 58 stations

were used to describe temporal variability of hveates over Argentina.

Due to relatively complex climate of Central Eurppeat waves and cold spells were
defined in this thesis based on relative threshdidle 90% or 95% quantiles were applied on
both station and gridded data. Due to consideraigperature biases in modelled data, these
guantiles were calculated separately for each sitiom, in order to focus rather on the
behaviour of the right tail of temperature disttibans than on the bias itself. This approach
was widely used in previous studies that analysad Wwaves and cold spells in climate model
simulations (Ballester et al. 2010; Peigns et @lL3 Vautard et al. 2013). The magnitude of
heat waves and cold spells in gridded data wassesdaising the extremity index that takes
into account temperature anomaly, length, and apaxtent of the events, while the
magnitude of heat waves in station data was cakuliltnrough combination of temperature
anomaly and length only. Detailed descriptions thieo methods, including cluster analysis,
calculation of effective precipitation, evaporatifraction and temporal autocorrelation of

temperature are given in individual research asich Sections-6L0.
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5 Overview of research articles used in the thesis
The thesis is based on five research articles @&mtusn temperature extremes and

published or submitted to impact factor rated iméional journals:

Lhotka Q Kysely J (2015): Characterizing joint effects gpatial extent, temperature
magnitude and duration of heat waves and coldspegkr Central Europe, International
Journal of Climatology, 35, 1232-1244, DOI: 10.1062.4050

Lhotka Q Kysely J (2015): Hot Central-European summer @f2in a long-term context,
International Journal of Climatology, 35, 4399-44DDI: 10.1002/joc.4277

Lhotka Q Kysely J (2015): Spatial and temporal charadiessof heat waves over Central
Europe in an ensemble of regional climate modelukitions, Climate Dynamics, 45,
2351-2366, DOI: 10.1007/s00382-015-2475-7

Lhotka Q Kysely J (2016): Climate change scenarios of heates in Central Europe and

their uncertainties, Theoretical and Applied Cliolagy [under review]

Rusticucci M, Kysely J, Almeira G, Lhotka 016): Long-term variability of heat waves in

Argentina and recurrence probability of the sev20@8 heat wave in Buenos Aires,
Theoretical and Applied Climatology, 124, 679-6B@)I: 10.1007/s00704-015-1445-7

The first four papers resulted from collaboratiathwny supervisor, J. Kysely. | prepared
the data sets, performed all analyses and was piymasponsible for the manuscripts’
preparation. J. Kysely assisted me with interpi@tabf results, publication of research
articles, and he supervised my work. The last studywhich | am not the first author,
broadens and supplements the topic of the thebes specification of my contribution to this
research article, confirmed by the leading autison the appendices (Section 14).

The first article is entitled ‘Characterizing joieffects of spatial extent, temperature
magnitude and duration of heat waves and coldspe#r Central Europe’ and was published
in International Journal of Climatology. In thispgea, heat waves and cold spells over Central
Europe were analysed using the E-OBS gridded ddtaAs extremity index was proposed
which combines spatial extent, temperature, andtaur of heat waves and cold spells. The
most severe heat waves in the 195012 period occurred in the summers of 1994 and,200
while the most extreme cold spells were observadiimers 1955/56 and 1962/63. The well-

known European heat waves in 2003 and 2010 werthabpronounced over Central Europe,
22



since largest temperature anomalies were obsenv&dance and Russia, respectively. Both
heat waves and cold spells were classified throaghierarchical cluster analysis of
temperature amplitude, spatial extent, and duratitmfour basic types and the list of major
Central European events was established. Thisleartiontains the results from WP41
analysis of temporal variability of heat waves awdd spells in gridded data and WP2
description of the most prominent heat waves aid gells.

The second article ‘Hot Central-European summe20if3 in a long-term context’ was
also published in International Journal of Climaty. The paper was focused on the
anomalously hot summer of 2013, and its extremitis vanalysed using both station and
gridded data. This summer was ranked as the fiftimest since 1951 on the European scale,
with high positive temperature anomalies over Gariiurope. In Kremsmuenster and Graz
(Austria), the 2013 summer was unprecedented aogptd heat wave characteristics since
the end of the T®century and it was extreme also at other Centumbjiean stations with
long-term measurements. The most intense heat wame Central Europe in early August
2013 was driven primarily by anticyclonic condittomnd was probably amplified by the
preceding precipitation deficit. The paper contrdol to WP1 — analysis of temporal
variability of heat waves and cold spells using eneblogical stations with long-term
measurements and WP2ssessment of the extremity of recent eventdangiterm context.

The third article is entitled ‘Spatial and temporddaracteristics of heat waves over
Central Europe in an ensemble of regional climateleh simulations’ and was published in
Climate Dynamics. The study examines the capabiitiRCMs driven by the reanalysis to
reproduce spatial and temporal characteristiceeére Central European heat waves, and it
benefits from the methodology developed and testéae first article. The multi-model mean
reflected the observed characteristics of heat wangte well, but considerable differences
were found among the individual RCMs. Deficiencisre found also in reproducing
interannual and interdecadal variability of heatvesma The magnitude of the most severe
Central European heat wave that occurred in 19%tuderestimated in all RCMs and this
error was related to overestimated precipitatiorindguand before this event. By contrast, a
simulated precipitation deficit during summer 196 the majority of RCMs contributed to an
‘erroneous’ heat wave. The results suggest thal-lamosphere interactions are crucial for
developing severe heat waves, and their propeodeiption in climate models is essential for

obtaining credible scenarios of future events. Hunigle contributed to WP3 evaluation of
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the capability of RCMs to simulate heat waves lmstorical climate and the identification of
possible sources of errors.

The fourth article ‘Climate change scenarios oftheaves in Central Europe and their
uncertainties’ was submitted to Theoretical and &b Climatology. The study examines
climate change scenarios of Central European heatesv with a focus on related
uncertainties. A methodology was partly based anfitst article and some of the RCMs
utilized (driven by the reanalysis) were evaluatedhe third article. In the fourth article, a
large ensemble of RCM simulations (62) was analysearder to calculate several possible
scenarios. Although the RCMs were found to repredine frequency of heat waves quite
well, those RCMs with the coarser grid consideraimhgrestimated the frequency of severe
heat waves. This deficiency was overcome in thadrgesolution EURO-CORDEX RCMs.
In the near future (2020-2049), heat waves areepi@jl to be nearly twice as frequent in
comparison to the modelled historical period, dmel ihcrease is even larger for severe heat
waves. Uncertainty originates mainly from the sitecof RCMs and GCMs, because the
increase is similar for all concentration scenariesr the late 2% century (2070-2099), a
substantial increase in heat wave frequenciesdgged, the magnitude of which depends
mainly upon concentration scenario. Two to fourtheaves per summer are projected in this
period, depending on concentration scenario (coetpér less than one in the recent climate),
and severe heat waves are likely to become a mregblEnomenon. The paper contains the
results from WP4 — investigation of possible changkefrequency and characteristics of heat
waves in a future climate under various concemnagcenarios and partly contributed to WP3
— evaluation of the capability of RCMs to simulagahwaves in a historical climate and the
identification of possible sources of errors.

Some methodological approaches based on analySierdfal European heat waves were
applied in the fifth article entitled ‘Long-term nability of heat waves in Argentina and
recurrence probability of the severe 2008 heat wa\Buenos Aires’, which resulted from a
joint project with the University of Buenos Airesich was published in Theoretical and
Applied Climatology. The objectives of this work ngeto study the long-term variability of
heat waves over Argentina and to estimate recuer@mabability of the most severe 2008
heat wave in Buenos Aires using long artificial éiiseries of J.ax simulated by a first-order
autoregressive model. A positive trend of heat waays was found in Buenos Aires, while
some stations exhibited a decrease of heat wawe dag recurrence probability of the major
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2008 heat wave was found to be small in the preskmiate but it is likely to increase
substantially in the near future even under a netdararming trend.
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6 Article I: ‘Characterizing joint effects of spatial extent, temperature
magnitude and duration of heat waves and cold spsllover Central

Europe’

Ondtej Lhotkd® and Jan Kysefy

& Institute of Atmospheric Physics, Academy of Scishof the Czech Republic, Prague, Czech Republic

® Faculty of Science, Charles University, PragueeddzRepublic

International Journal of Climatology, 35, 1232-12B0I: 10.1002/joc.4050

Abstract: Heat waves and cold spells have pronounced immarctbe natural environment
and society. The main aim of this study was to tiigmajor Central European heat waves
and cold spells since 1950 and assess their sewveoit only from the viewpoint of
temperature and duration but also as to the affemtea. The heat waves and cold spells were
delimited from the E-OBS gridded data set. An exitg index was proposed that captures
joint effects of spatial extent, temperature anchtian of heat waves and cold spells. During
the 1950-2012 period, we identified 18 major heavee and 24 major cold spells over
Central Europe. The most severe heat wave occurredmmer 1994, followed by the 2006
heat wave; both these events were far more extoa@eCentral Europe than heat waves in
the well-known 2003 and 2010 summers. The mostrees@d spells occurred in the winters
of 1955/56 and 1962/63. The recent winter of 202 WAs found to be the 6th coldest since
1950/51 according to the seasonal sum of the exyrendex. The heat waves and cold spells
were classified through a hierarchical cluster ysial of their characteristics (temperature
amplitude, spatial extent of the core, and duratioto 4 basic types. The established list of
major Central European heat waves and cold spetjetrbe utilized in further analyses. The
extremity index may be applied over different aremperform comparative studies and used
also for evaluation of regional climate model siatigns.

Keywords: heat waves; cold spells; extremity index; interanariability; cluster analysis;
E OBS gridded data set

6.1 Introduction

Heat waves and cold spells are important phenoroétiae European climate and have
major impacts on the natural environment and spcigtese events are traditionally regarded
as several days long summer/winter periods whenthg&eaconditions are excessively
hotter/colder than normal. Severe heat waves tbairced during the past two decades and
the very cold winter of 2009/2010 in Europe havenppted intense investigation of these
events. De Bono et al. (2004) reported more thg@(B0deaths during the 2003 western

European heat wave along with other economic lp$smgever, the number of excess deaths
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varies across studies and the estimates reach 7@,@00 (Robine et aR008). The extreme

eastern European summer of 2010 was associatedawitbstimated death toll of 55,000,
substantial crop failures and more than 1 millianofi burned areas (Barriopedro et al. 2011).
Heat waves also cause stress for livestock andlifeildspreading of pests, and increased
energy demand for cooling (Beniston et al. 200/@asimuch as the relationship between
ambient temperature and mortality is U-shaped €ased risks for both low and high

temperatures), cold spells also affect public e@arnett et al. 2012). Harsh conditions
during cold spells can harm vegetation, and airpemature might fall below the thresholds
for which buildings and other infrastructural compats were designed (Vavrus et al. 2006).

European heat waves have been analysed by manyrautine influence of a large scale
forcing on heat waves was evaluated by Della Mattal. (2007a), who showed that heat
waves over Europe are related to the Atlantic Meltadal Oscillation (e.g. Sutton and
Hodson 2005). A detailed analysis of synoptic fectduring the 2003 heat wave was made
by Black et al. (2004), while the large scale flolring the extreme 2010 summer was
analysed by Schneidereit et al. (2012). Recurrgmobability of recent severe heat waves
was estimated using simulations with a stochastie series model by Kysely (2002, 2010),
including possible changes under future scenafibs.role of anthropogenic climate change
was analysed by Stott et al. (2004) for the 20080pean heat wave and by Meehl et al.
(2007) for temperature extremes over the UnitedeStaAnother important factor that
contributes to heat wave amplification is land—apieere coupling. Many papers emphasize
the role of soil moisture deficit during major heeves (e.g. Fischer et al. 2007; Jaeger and
Seneviratne 2010). Interannual variability of Eleap heat waves during 1880-2005 was
investigated by Della Marta et al. (2007b). Theation of heat waves was pronounced in the
middle of the 28 century and at the end of the examined period tegbositive trend in the
duration of heat waves was significant at the nigjaof stations. Analyses of temporal
variability of heat waves in Central and Eastermope were performed by Kysely (2010) for
the Czech Republic and by Shevchenko et al. (2fait3)kraine.

Recent studies of cold spells over Europe have begnly focused on the anomalous
winter of 2009/2010. L'Heureux et al. (2010) showtbat the Arctic Oscillation (e.g.
Thompson and Wallace 1999) contributed greatlyh® lbelow-average temperatures over
Europe. Cattiaux et al. (2010) ranked the winte2@39/2010 as the 13th coldest over Europe
since 1949, far behind the cold record for the siimf 1962/1963. Using the flow analogue
method, authors demonstrated that atmospheric dgsatuaring the winter of 2009/2010 was
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favourable to a temperature anomaly comparableagnitude to the record-breaking winter
of 1962/1963, and attributed this inconsistencyh® background warming. An analysis of
interannual variability of cold wave days over Eagoduring 1901-2000 was performed by
Kysely (2008) using station data from the ECA dsgti(Klein Tank et al., 2002). Cold wave
days were most pronounced in the mid‘2@ntury and almost vanished at the end of the
examined period.

Although a lot of work has been done to examind teaes and cold spells, only several
studies have considered their spatial extent @tgfanon et al. 2012; Peings et al. 2013).
There is a need to investigate these events ngtregarding the aspects of air temperature
and duration but also with a view to the affecteglaa Therefore, we propose an extremity
index that takes into account all these variakdes] use it to evaluate heat waves and cold
spells over Central Europe. This region was regeatifected by exceptionally high
temperatures in August 2012, when the new recaedling air temperature (40.4°C) was
measured in the Czech Republicéfhec, 2012). In addition, Central Europe experienced
extremely cold conditions in the winter of 2011/20&hich resulted in more than 800 deaths
due to hypothermia in Central and Eastern Euroms Benfield, 2012).

The main aim of this study was to identify majom@al European heat waves and cold
spells since 1950 and to assess their severityguam extremity index proposed for
characterizing joint effects of spatial extent, maigde and duration of heat waves and cold

spells.

6.2 Data and methods

6.2.1 Data and area of interest

The daily temperature data was taken from the E-OBSyridded data set (Haylock et al.
2008) that has spatial resolution of 25 km (0.2§. detated pole grid) and covers the period
from 1 January 1950 to 30 June 2013. Although Kysald Plavcova (2010) published a
critical remark on the applicability of its secomekrsion, it represents the best source of high-
resolution data covering the whole European landa.arThe analysis of the spatial
characteristics of heat waves and cold spells wooldbe straightforward from irregularly
spaced station data. Another advantage of usingBB-@3 that the methodology and the
extremity index as proposed in the present studyhtre utilized for evaluation of regional

climate models (RCMs), due to the same grid beisgduby E-OBS and many RCMs.
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Moreover, the E-OBS data set is being developednbyeasing the station density and
correcting previous errors (more information is ilmde at the project website —
http://www.ecad.eu/download/ensembles/oldversidmns.p

We examined 63 years long series for both seasamaniers of 1950-2012 for heat
waves and winters of 1950/1951-2012/2013 for cqldlls). Summer was defined as the
period between 1 June and 31 August, while wintas wegarded as the period between 1
December and 28 February. This is a standard tiefimof seasons in European climate and it
was adopted also to allow a comparison with othetiss.

The analysis was performed over Central Europenddfiby 1,000 grid points (40x25)
and covering an area of 625,000 *nfthis domain is located approximately between 47—
53°N and 8-22°E and includes Germany (excludinqhitghern areas and the Rhineland),
northern Austria, the Czech Republic, the southtevaspart of Poland, Slovakia (excluding
its eastern part) and northern Hungary (Figure. @i geographical demarcation of Central
Europe varies across sources, however, we inclatlecountries traditionally regarded as
Central European. The location of the centre (5QEBFE) is in accordance with previous

works for Central Europe (e.g. Plavcova and Kys20j,2).
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- <50
P 51-100
I 101-200
|| 201-500
| 501-1000
. | 1001-1500
- |=1501

0 500 1000 1500 2000 2 500 km
I I I 3 T 02—

Figure 6.1. Definition of Central Europe (black kled polygon) and elevation model
(GTOPO30) used in E OBS 9.0 gridded data set (gedes
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6.2.2 Definition of heat waves

There is no universal definition of heat waves (HWRerkins and Alexander (2013)
summarized definitions of these events and condltlat a HW is traditionally regarded as a
period of consecutive days when conditions are &sieely hotter than normal. Based on this
definition, a HW can occur anytime during the yedaespite this, we focused on summer
HWs only because of their serious impacts on therabenvironment and society.

In previous works, various criteria have been auplto delimit HWs. Two main
approaches have been adopted for estimating whetielitions are ‘excessively hotter’. The
first one is based on given temperature threshi@ds Colombo et al. 1999; Gershunov et al.
2009; Kysely 2010) and it is suitable when delingtHWs from single station data or from a
region with quite homogeneous climate. The secqpuiaach uses a certain quantile for each
station/grid point (e.g. Beniston et al. 2007; ©@asst al. 2005; Della-Marta et al. 2007b;
Fischer et al. 2007). This approach respects tbal Idimatology across the entire area of
interest and thus is useful when performing redianzalyses. Since the climate across
Central Europe is very diverse (e.g. northern slopthe Alps vs. Pannonian lowlands), we
adopted the latter approach.

The definition of a HW was based on the persistaideot days (HDs). For each day in
summer, daily maximum air temperaturen,{J) in each grid point over Central Europe was
transformed into Jax deviation by subtracting the grid point specif&®® quantile of summer
Tmax distribution. The 95% quantile was calculated otlex 40 years period 1961-2000.
Using this limited period allows updating the laft HWs without the need of recalculating
respective quantiles. In addition, this period esponds to many RCM runs driven by
reanalysis, such as those from the ENSEMBLES pr¢y@m der Linden and Mitchell, 2009),
which can be utilized in further work dealing wékaluation of HWs in RCM simulations.

Any day was considered a HD when the average ofTthe deviations from the 95%
quantile of summer Jax distribution over Central Europe (Figure 6.1) vgasater than zero.
Thus, a HD can occur only if a substantial parCehtral Europe is affected by,J above
the 95% quantile. Therefore, it is necessary tagdethe domain with respect to a typical
extent of synoptic features in order to identify $i&ppropriately.

A HW over Central Europe was defined as a periodtdeast 3 consecutive HDs. The
minimum duration of a HW in previous works variesm 2 days (e.g. Barnett et al. 2012) to
5 or more days (e.g. Ballester et al. 2010; Fiselner Schar 2010). The commonly used 3-day
minimum duration (e.g. Della Marta et al. 2007asEly 2010; Meehl and Tebaldi 2004) was

30



applied in our analysis. These relatively stridtecia allow identifying only major heat waves
that are presumed to have considerable impacte@mndtural environment and society. For
this period (3 or more days), the daily grid mappasitive Tnax deviations were summed up
into a cumulative map. Negative,& deviations were not taken into account.

To describe the severity of individual HWs, a heatve extremity index g) was
proposed. yy is calculated from a cumulative map of positivgaddeviations, and it is
analogous to the station based TS30 index, usedybkgly (2010) to examine severity of
HWs. Values of individual grid points (TSm@are summed up and scaled by the total
number of grid points in Central Europe (1,000):

. TS5
i'u, lﬂﬂﬂz [ mﬂ'x ]

where n is the number of grid points with a positiy,ax deviation in a cumulative map. The
index uses summed up deviations over the wholegerhen a HW persists, and hence it
captures joint effects of spatial extent, tempeetoagnitude and duration of a HW over the

area of Central Europe.

6.2.3 Definition of cold spells

The definition of a cold spell (CS) was made anailmgto that of a HW in order to allow
direct comparison of these events and their cheniatits. The definition was based on the
persistence of cold days (CDs) in winter. A CD aoced when the average of daily minimum
air temperature (fin) deviations from its 5% quantile over Central Epgavas less than zero.
Analogously to HWs, we focus on major CSs that weeéined as periods of at least 3
consecutive CDs. The description of CS severity based on a cold spell extremity index
(Ic9 that analogously utilizes accumulated negatiyg deviations over Central Europe and is

given as an absolute value:

)

1
1
=|—— TSmin').| [°C
NWZ( mml‘[ ]
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6.2.4 Characteristics of heat waves and cold spells

Besides dw and ks, we calculated several other characteristics ofsH¥d CSs. The
temperature amplitude (T [°C]) is the highest daiflue of T,ax deviations from the 95%
quantile of the summerk distribution during a HW (at any grid point in Gext Europe)
and represents the temperature anomaly of its pedke case of CSs, temperature amplitude
Is analogously computed fromy} and its respective 5% quantile and is given aglmolute
value. The spatial extent of the HW core (A finis given by an area in which the sum of
Tmax deviations is greater than 10°C in a cumulativep.ndnis represents the size of the area
where weather conditions are considered extreme. Jpatial extent of the CS core is
calculated analogously, but the threshold was nemtlito 20°C. This adjustment was
necessary due to differences between summgrand winter T, distributions, as discussed
in Section 6.5.1. Although the choice of 10°C afd@thresholds is somewhat arbitrary, we
found it a reasonable compromise between too-lawstiolds (in which case almost the
whole area of Central Europe would be considerad)tao-high thresholds (in which case
many events would have spatial extent equal to)z@&tee duration of HW/CS (D [days]) is
the number of days when HW/CS persists. A ratiovbeh the total duration of HWs/CSs and
the total number of HDs/CDs indicates whether HIdGave a high clustering tendency
(the ratio is close to 1), or whether HDs/CDs tetod occur separately throughout
summer/winter (the ratio is close to 0).

The identified HWs and CSs were visualized oveargdr region than just Central Europe
in order to obtain the larger-scale pattern assediaith each event. However, grid points
outside Central Europe were not taken into accodnan calculatingply, lcs, T, A and D. The
only characteristic calculated from all visualizgdd points (including grid points outside
Central Europe) was the overall spatial extenthaf HW (CS) core (OA [kA). It was
computed analogously to A, but for the whole domaime calculated characteristics of HWs

and CSs are summarized in Table 6.1.

Table 6.1. Characteristics of heat waves and quétlss

Abbreviation Description Units Domain
Ihw heat wave extremity index °C Central Europe
les cold spell extremity index °C Central Europe
T temperature amplitude °C Central Europe
A spatial extent of the HW (CS) core km Central Europe
OA overall spatial extent of the HW (CS) core  %m whole domain

D duration days Central Europe
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6.2.5 Cluster analysis of heat waves and cold spells

Cluster analysis is widely used in atmosphericrsms for separating data into groups
whose parameters are not known in advance. A bowadview of classification methods is
presented in Huth et al. (2008). Cluster analysidWs and CSs was performed on the basis
of their temperature amplitude (T), overall spagatent of the HW (CS) core (OA), and
duration (D). These variables were centred by sgbtrg their means and scaled by dividing
them by their standard deviations. The input to hierarchical clustering algorithm is a
distance matrix (distances between observatiora)whs computed using Euclidean metric.
It is the most commonly used distance measureusteld analysis, however, other alternatives
such as Mahalanobis metrics are also possible 8A2B11). The choice of hierarchical
clustering algorithm determines how distances betwausters are measured. In the present
study, we used the complete linkage (maximum digtamethod in order to prevent the
chaining of clusters. This method is based on #igelst distance between points in two
groups. The complete linkage method was also apghg Stefanon et al. (2012), who
classified HWs based on the places of their ocoge®ver Europe.

Determining the final number of classes usuallyunexs a subjective choice that depends
to some degree on the goals of the analysis (V2ilk<l). The final number of HW/CS classes
was determined by inspecting the plot of the distarbetween merged clusters, where a rapid

jump indicates the final number of classes.

6.2.6 Statistical testing of heat wave and cold spellratteristics
The statistical testing was performed for assesiagsignificance of differences between
HW and CS characteristics. We used the non-paramieto-sample Wilcoxon test (e.g.
Hollander and Douglas 1999) since some HW and Gfacteristics do not exhibit normal

distributions. Statistical significance was assésgdhe 0.05 level.
6.3 Heat waves
6.3.1 Characteristics and interannual variability
Over the 1950-2012 period, the total number of HiD<£entral Europe was 188 (3.0

HDs/year on average). These days formed 18 HWsinf@tefas periods of at least 3

consecutive HDs) with a total duration of 84 dayeese HWs occurred in 15 individual
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years. The ratio between the total duration of HMid the total number of HDs was 0.45.
The list of observed HWs and their characterisiggven in Table 6.2.

Table 6.2. Major heat waves over Central Europendgur950-2012.

Start End Hw T A OA

19520702 19520705 7.7 7.4 179.4 511.3 4
19520812 19520815 8.8 6.2 281.9 701.3 4
19570704 19570708 13.9 7.7 432.5 871.9 5
19590709 19590712 9.6 7.6 296.3 612.5 4
19630723 19630725 4.3 6.0 66.9 114.4 3
19640719 19640721 3.1 4.3 0.6 0.6 3
19740815 19740817 55 4.7 6.9 19.4 3
19760716 19760719 5.7 5.6 45.0 45.0 4
19830726 19830728 6.7 8.4 145.0 404.4 3
19920806 19920810 13.6 8.3 499.4 740.0 5
19940627 19940629 4.0 4.3 18.1 18.1 3
19940723 19940806 32.0 6.9 593.8 1,713.1 15
20000620 20000622 7.0 5.9 109.4 196.3 3
20030802 20030805 6.1 6.5 155.6 873.8 4
20030808 20030810 6.2 7.5 193.1 917.5 3
20060718 20060728 21.0 7.4 583.1 1,753.1 11
20070715 20070717 10.1 7.2 354.4 455.6 3
20100709 20100712 8.5 6.8 243.1 525.6 4

Average: 9.7 6.6 233.6 581.9 4.7

Inw — heat wave extremity index [°C], T — temperataraplitude [°C], A — spatial extent of the HW core
[thousands ki), OA — overall spatial extent of the HW core [thousana8]kD — duration [days]. Dates of start

and end of HW are in YYYYMMDD format. The spatiaktent of the Central European domain is 625.0
thousands ki

The most severe HWs over Central Europe (accoririg,) occurred from 23 July to 6
August 1994 (15 days) and during 18—-28 July 2006ddys). These two HWs were markedly
above the others by their extremity index, spatident, and duration (no other HW lasted
longer than 5 days). On the contrary, the gresé¢esperature amplitude was found during the
1983 HW that was only 3 days long and had relatile@h extremity index and spatial extent.

Interannual variability of HWs and HDs is visuatise Figure 6.2.
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Figure 6.2. Interannual variability of hot days (8)Dand heat waves (HWs) over Central
Europe during 1950-2012.

Years with a great seasonal sumggfdccurred in two sub-periods at the beginning ef th
analysed period and since the early 1990s. The surnfMml994 was exceptional in terms of
the sum of J, and the number of HDs. The 5 year running meanvetioa considerably
increased annual number of HDs in the last two dies@f the examined period while in the
1970s and 1980s, the occurrence of HDs was sulzbaneéduced.

The most-severe 1994 HW (Figure 6.3) is charaadrizy a large temperature pattern
with a centre in Poland and its core (the area wltlee sum of positive ;Lx deviations is
greater than 10°C) covered Denmark, southern Swd&dermany, north-western France, the
Czech Republic, Austria, Slovakia, Hungary, Lithiaath.atvia, western Belarus, and western
Ukraine. On the contrary, the 2006 HW extended weast, affecting more western European
countries. The relatively low severity of the 208®/s over Central Europe was related to the
position of their temperature patterns (Figure .6li3)ooth cases, the eastern part of Central
Europe was unaffected by the cores of these HV8sltieg in their small spatial extent over
this region and therefore relatively low,! Moreover, the largest sums of temperature

deviations for these HWs were located in Franctside of Central Europe.
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Figure 6.3. Heat waves in Central Europe during012912. The heat waves are ranked
according to { in descending order. Spatial patterns of the stipositive Tax deviations
above the 95% quantile of summegldistribution are plotted.
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6.3.2 Cluster analysis

In order to determine similarities among individtlVs and identify basic types of HWs
as to their characteristics, a hierarchical clustealysis based on temperature amplitude,
overall spatial extent of the HW core, and duratieass performed. Detailed information is
given in Section 6.2.5.

Based upon the cluster analysis, HWs were cladsifieo 4 categories (Figure 6.4). The
first category is characterized by exceptional allespatial extent of the HW core and
duration, and it contains the extremely widespraad persistent 1994 and 2006 HWs (their
average duration exceeds the average duratioryiotaer heat wave cluster by a factor of 3—
4; Table 6.3). Although their extremity index isrygronounced, these do not exhibit the
highest temperature amplitude. The second clusigresents weak HWs with the lowest
values of their characteristics, especially theperature amplitude and overall spatial extent,
which is reflected in the low extremity index. Mode HWSs are located in the third cluster;
these HWs have the extremity index, temperatureliardp and overall spatial extent of the
HW core close to the average of all HWs. The fouttlster is characterized by the highest
temperature amplitude. The very intense 1983 HW g8[4°C) and the 1992 HW (T = 8.3°C)

fall into this category.

r 1 L]
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Figure 6.4. Dendrogram and the corresponding pldhe distances between merged heat
wave clusters. Heat waves are labelled by thersgadtite in YYYYMMDD format.
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Table 6.3. Mean characteristics of heat wavesdividual clusters.

Cluster Type Number of HWs T OA D
1 widespread and long 2 265 7.2 1,733.1 13.0
2 weak 6 5.2 5.3 120.5 3.3
3 moderate 6 8.5 7.0 613.3 3.8
4 intense 4 10.1 8.0 733.4 4.0
Average of individual HWs: 9.7 6.6 581.9 4.7

Inw — heat wave extremity index [°C], T — temperataneplitude [°C], OA — overall spatial extent of tH&V

core [thousands ki D — duration [days].

6.4 Cold spells

6.4.1 Characteristics and interannual variability

Using analogous definition to that for HDs, 201 Gigsurred over Central Europe during
the 1950/51-2012/13 period (3.2 CDs/year on averddeese days formed 24 CSs with total
duration of 131 days. Although the number of CSsoissiderably greater than the number of
HWs (18), CSs occurred only in 14 individual seasomhich is fewer than in the case of
HWs (15). This is related to larger interannualiafaitity of winter temperatures and
enhanced clustering tendency of CDs compared to (ttigsratio between total duration of
CSs and the total number of CDs was 0.65, whigulsstantially greater than in the case of
HDs (0.45)). The list of observed CSs and theirati@ristics is given in Table 6.4.
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Table 6.4. Major cold spells over Central Europardpu1950/51-2012/13.

Start End & T A OA

19540125 19540203 35.8 13.5 530.0 2,501.3 10
19540205 19540207 5.8 8.6 10.6 152.5 3
19540220 19540222 6.7 9.2 41.3 81.3 3
19560130 19560203 26.8 13.9 545.6 1,666.9 5
19560208 19560218 62.0 17.1 625.0 2,836.3 11
19560224 19560227 11.3 14.1 107.5 151.9 4
19611224 19611226 8.8 11.6 29.4 375 3
19621222 19621224 7.3 9.9 0.0 0.0 3
19630111 19630122 41.5 14.6 586.3 2,809.4 12
19630129 19630205 30.4 12.0 539.4 1,415.0 8
19630223 19630225 7.6 10.9 1.3 5.6 3
19680109 19680114 15.3 12.1 171.3 530.6 6
19691220 19691222 11.6 11.5 88.8 88.8 3
19710101 19710107 16.7 11.4 206.3 531.9 7
19790104 19790107 9.2 9.1 55.0 78.1 4
19850105 19850111 34.4 14.1 520.6 1,711.3 7
19850211 19850214 17.8 11.0 255.6 371.3 4
19860224 19860228 13.3 11.1 75.0 79.4 5
19870111 19870115 30.9 14.5 513.8 1,351.3 5
19870130 19870202 14.7 14.3 157.5 203.1 4
19961226 19970102 25.1 11.1 483.1 1,280.6 8
20060123 20060125 10.9 13.8 131.9 420.6 3
20120202 20120207 20.6 10.2 358.1 1,085.6 6
20120209 20120212 11.9 10.0 33.1 369.4 4

Average: 19.9 12.1 252.8 823.3 55

ls — cold spell extremity index [°C], T — temperatueplitude [°C], A — spatial extent of the CS core
[thousands krj, OA — overall spatial extent of the CS core [tsands krfl, D — duration [days]. Dates of CS

start and end are in YYYYMMDD format. The spatiatent of the Central European domain is 625.0 thnds

km?.

By far the most severe CS (according 49 dver Central Europe occurred in February
1956. In addition to its extremesl this event had the greatest temperature amplitude
(17.1°C), its core affected the whole of Centrardpe, and it persisted for 11 days. In
general, CSs exhibited significantly (informatiomoat statistical testing is given in Section
6.2.6) greater values of extremity index and temfee amplitude compared to HWSs. This
issue is discussed in Section 6.5.1. On the contthe longest CS persisted for 12 days,
which is 3 days less than the longest 1994 HW.

Interannual variability of CSs and CDs is shownFigure 6.5. The greatest values of
seasonal sums ofslwere identified at the beginning of the examinediqu. The winters
1955/1956 and 1962/1963 were the most extreme offes.recent winter 2011/2012 is
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ranked as the 6th most pronounced according tcatimeial sum of .l over the 1950/51—
2012/13 period. The greatest annual number of Gfasiroed in 1962/1963 (29 days). It is
noteworthy that this exceptional number of CDsdgii962/63, in only one season did the
number of CDs exceed 10) was not accompanied bgrdegest sum ofd mainly due to less
pronounced temperature amplitude during the 19&%10Ss, compared to the 1955/1956
CSs. The 5 year running mean of CDs revealed tlairease in the mid-1970s and below-

average number of cold days was also observed tin@er1990s to the end of the examined

period.
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Figure 6.5. Interannual variability of cold spe(l8Ss) and cold days (CDs) over Central
Europe during 1950/1951-2012/2013. Note the diffeseale of Y-axes compared to Figure
6.2.

The most-severe CS in February 1956 exhibitedemr cold anomalies (sum of
temperature deviations below the 5% quantile otevifi,, distribution > 50°C) over a large
area of France, Switzerland, Germany, Austria,Ghech Republic, and Poland (Figure 6.6).

Extreme cold anomalies were much smaller durinddahewing extraordinary cold spells.
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Figure 6.6. Cold spells over Central Europe durd®$0/51-2012/13. The cold spells are
ranked according to Ics in descending order. Spaditierns of absolute values of the sum of

negative Thin deviations below the 5% quantile of wintegTdistribution are plotted.

6.4.2 Cluster analysis
Based on the cluster analysis of temperature amagljtoverall spatial extent of the CS
core and duration, CSs were also classified irtigpds (Figure 6.7).
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Figure 6.7. Dendrogram and corresponding plot statgices between merged cold spell
clusters. Cold spells are labelled by the dat¢aot .1 YYYYMMDD format.

Similarly to HWs, the first cluster contains CSgshwery large overall spatial extent of
their cores and long duration (the January 1958y 1956 and January 1963 CSs). These

CSs also exhibit the greatest values@fThe second group associates relatively weak CSs
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with low values of their characteristics. Long G&th below average temperature amplitude
are in the third cluster. The fourth category csissiof intense CSs (high temperature
amplitude) that had relatively short duration. @s¢he third and fourth clusters have similar
mean extremity index and overall spatial extent tio¢ir cores, but they are clearly

distinguished on the basis of temperature ampliardkduration (Table 6.5).

Table 6.5. Mean characteristics of cold spellsaividual clusters.

Cluster Type Number of CSs cs | T OA D
1 widespread and long 3 464 15.1 2,715.6 11.0
2 weak 10 10.0 10.3 126.4 3.5
3 not intense but long 5 216 11.4 968.8 7.0
4 intense but short 6 21.5 14.1 917.5 4.7
Average of individual CSs: 19.9 12.1 823.3 5.5

T — temperature amplitude [°C], OA — overall spiagietent of the CS core [thousands%nD — duration [days].

The final number of classes in the plot of theatises was not clear (suggesting a lower
classificability of CSs), so we preserved the samamber of classes as in the analysis of
HWSs. A reduction in the number of classes wouldilteés merging the clearly distinguished
third and fourth groups, while a greater numbeclatses would not provide any additional

information.

6.5 Discussion

6.5.1 Comparison of characteristics of heat waves and sjpélls

Despite using an analogous methodology when délightWs and CSs, HWs exhibited
significantly lower values of extremity index anehperature amplitude. This relates to the
greater temperature variance in winter over Eur(pg. Cattiaux et al. 2012) and the
negatively-skewed winter yf, distribution (e.g. Toth and Szentimrey, 1989). Jhthe left
tail of the winter T, distribution has a greater potential for develgpextreme temperatures
than does the right tail of the summey,d distribution. Due to this fact, we modified the
threshold for calculating the spatial extent of @8 core. Preserving the original threshold
(10°C) would have resulted in too great valueshig tharacteristic, encompassing most of
Central Europe for the majority of CSs. The diffeze in mean duration between HWs and

CSs was not statistically significant.
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Although the number of HDs and CDs is almost eqthad, total duration of CSs was
considerably greater than in the case of HWSs. Gtester clustering tendency of CDs relates
to higher persistence of,} in winter compared to Jax in summer. This feature has been
studied by, for example, by Kalvova and NemeSov@8) and Huth et al. (2001), who
showed higher autocorrelation of winteg,;than of summer i« in Central Europe. In
addition, this difference grew with increasing lame. The concentration of CSs into a
relatively small number of winters might also beused by high wintertime interannual

variability compared to that of summer (e.g. Giagal. 2004).

6.5.2 Interannual variability of heat waves

The analysis of interannual variability of HWs slsothat the summer of 1994 was more
extreme over Central Europe than were the well-kn@®003 and 2010 summers. The
summer of 2010 was record-breaking on a continesctle (Barriopedro et al. 2011), and the
exceptional severity of the 2003 heat waves in ¥fasEurope has been reported by many
authors (e.g. Beniston 2004; De Bono et al. 20@4jle the summer of 1994 is not listed
among the five most extreme European summers (padro et al. 2011). Our findings are
consistent with those of Shevchenko et al. (20d48) showed that the 2010 HW was record-
breaking only in the eastern part of Ukraine witle 1994 HW remained the most severe one
over its western part. The exceptionality of thenswer of 1994 in Central Europe was also
documented by Kysely (2010), who analysed heat svasing station data from the Czech
Republic. This suggests that the ‘regional’ 1994 k&khains the most severe over certain
parts of Central and Eastern Europe.

Enhanced severity of HWSs in the 1950s and in tist {eo0 decades is in accordance with
Della-Marta et al. (2007b), who analysed their terap variability mainly over the western
part of Europe. This temporal pattern is relatedh® Atlantic Multidecadal Oscillation that
probably has a substantial impact on European surtengeratures (e.g. Sutton and Hodson
2005; Della Marta et al. 2007a).

The greatest temperature amplitude (8.4°C) obseirvede 1983 HW was linked to the
extremely warm southern advection with peak on @ly. Maximum temperatures in the
Czech Republic reached 40°C (KrSka and Munzar 1984ying established an all time
record temperature that held for almost 30 yedns. iew absolute temperature maximum for
the Czech Republic (40.4°C) was measured on 20 #uul2 (Nmec 2012), but it was not
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a part of a HW due to low persistence of the ex¢rdraat. During the 1983 HW, a record
breaking maximum temperature (40.2°C) was measlsedin Germany (DWD 2013).

6.5.3 Interannual variability of cold spells

Turning to CSs, the winters of 1955/1956 and 198@3lwere the most extreme over
Central Europe in the examined period. These tvieme winters occurred during the period
with low values of the North Atlantic Oscillationdex (Hurrel and Deser 2010). Cattiaux et
al. (2010) regarded the winter of 1962/1963 astidest winter since 1949, but the winter of
1955/1956 was pronounced in their analysis as v@lk. results are also in good agreement
with Walsh and Phillips (2001), who analysed caltboeaks in the United States and Europe.
Because they had focused on the western and nonplaets of Europe a direct comparison is
not possible, but the identified very cold anonwmli@ the winters of 1955/1956 and
1962/1963 are listed among the most extreme ondeinstudy. Moreover, the greatest cold
anomaly in January 1987 (according to Walsh andlip$i2001), was also captured in our
analysis as a severe CS.

Although record breaking cold spells and snowfelése observed across Europe as well
as the United States and East Asia during the wait2009/2010 (Cohen et al. 2010), no CS
was present in our analysis from that season. fEhaes to the fact that the strongest cold
anomaly was observed mainly in western and nortBemope (Cattiaux et al. 2010), while

winter weather especially over the eastern pa@eftral Europe was milder.

6.6 Conclusions

The main findings of the study are as follows:

« We proposed a methodology for delimiting major heates (HWs) and cold spells
(CSs) from gridded data that is based on the pgersie of large regional temperature
anomalies.

« An extremity index was introduced that reflectsnjoieffects of spatial extent,
temperature anomaly and duration of HWs and CSwder to assess their severity.
This index allows analogous characterization of HMid CSs and, because it involves
no ‘local’ settings, it may be applied also in athegions over the E-OBS domain and

for other purposes.
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* Using the E OBS gridded data set, we documentedrn@gntral European HWs and
CSs and analysed their characteristics and inteednrariability. These events were
visualized in “event based” maps and classifiedating to their characteristics.

* The most severe HW in Central Europe since 1950roed in 1994, followed by the
2006 HW. The severity of HWs was considerably reduduring the 1960-1990
period.

* The cluster analysis revealed 4 types of HWs witterent characteristics: those that
are 1) spatially widespread and long, 2) weak, )enate, and 4) intense.

e Although the most severe CSs over Central Europeroed in the beginning of the
examined period (during 1955/1956 and 1962/1963, faund the winter of
2011/2012 to be the 6th coldest since 1950/195@rdigy to the seasonal sum of the
extremity index.

* CSs were classified analogously into 4 types wiitracture similar to that of HWSs:
1) spatially widespread and long, 2) weak, 3) nt¢nse but long, and 4) intense but
short. The number of CS types was less obvioudfandifferences between the types
less clear than in the case of HWs.

« The clustering tendency of CDs was considerablyatgrethan was the clustering
tendency of HDs. Hence, in spite of the analogafmiions, the number of CSs was
larger than the number of HWs. Nevertheless, thelmr of winter seasons with a CS
was smaller than was the number of summer seastimg \WMW.

* We established a list of major Central European HWfsl CSs and their
characteristics. This list can be regularly updatédn a new version of the E-OBS
data set is released and it might be utilized mhfr studies focusing on temperature

extremes over Europe.

Due to its general definition, the extremity indeday be used over different areas to
perform comparative studies. The methodology caso dle applied to climate model
simulations; such analysis evaluating the perfoweanf RCMs for the recent climate will
contribute to better understanding RCMs’ strengtred biases in reproducing joint
characteristics of the duration, magnitude, andiapaxtent of temperature extremes. In
addition, the extremity index and additional ch&dstics might be used to analyze projected

changes in major HWs and CSs in a possible futureate.
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Abstract: The European summer of 2013 was characterizedeby high temperatures that
established a new historical maximum in Austriae Bxtremity of this summer in Europe is
assessed based on the E-OBS and ECA&D data setise Abntinental scale, it is ranked as
the fifth warmest summer since 1951, with largeitpestemperature anomalies over Central
Europe. According to seasonal heat wave charattstisthe 2013 summer was
unprecedented in Kremsmuenster and Graz (bothiApsind ranked as the second or third at
other stations with at least 100 years of measuntsni the Czech Republic, Slovakia,
Croatia and Slovenia. The most intense 2013 heat waer Central Europe in early August
was driven primarily by anticyclonic conditions awds probably amplified by the preceding
precipitation deficit. In combination with majoofiding in the Danube and Elbe river basins
in early June and severe convective storms atritleotJuly, the hot 2013 summer in Central
Europe may represent an analog of a future sumhmeate that will probably be more prone
to both temperature and precipitation extremes.

Keywords: summer of 2013; climate variability; temperatueeards; heat waves; effective
precipitation; Central Europe

7.1 Introduction

In summer 2013, Europe experienced a series of wiaaes that peaked on 8 August,
when the highest historically recorded maximum terajure (40.5°C) was measured in
Austria (ZAMG 2013). Such extreme events have suthstt impacts on society and the
natural environment, inasmuch as they cause exitesss and mortality, animal stress, crop
failure, forest fires, spread of pests and incréaseergy demand for cooling (De Bono et al.
2004; Beniston et al. 2007).

The severity of European heat waves has increaged tbhe past two decades (Della-
Marta et al. 2007a; Kysely 2010). Barriopedro et(aD11) concluded that the European
summer of 2010 was record-breaking for the 150083i¥riod, followed by the summers of
2003, 2002 and 2006. The 2010 heat wave had greatescts in Eastern Europe, while the
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heat wave of 2003 was pronounced mainly in Wesknmope (Fink et al. 2004). Beniston
(2004) examined the 2003 heat wave and found repoesent an analog for the “shape of
things to come” in the late Zlcentury climate. Nevertheless, the major heat wavE994
(Kysely 2002) remains the most severe one oveelaayts of Central and Eastern Europe
(Lhotka and Kysely 2014; Shevchenko et al. 2014).

European heat waves are triggered mainly by inpéion of the prevailing zonal flow.
Pfahl and Wernli (2012) concluded that a substhpiat of these extremes was driven by
atmospheric blocking and related positive anomaliebe surface radiation budget and in a
meridional warm advection. Due to the Arctic Amigidtion (Francis and Vavrus 2012), these
blocking conditions are projected to occur moreqdiently and be prolonged in future
climate, suggesting enhanced occurrence of Eurodpeainwaves. Beside this, heat waves are
expected to become more intense and longer lasting to the shift of the summer
temperature distribution (Ballester et al. 2011heTcombination of these factors would
probably result in more severe heat waves unddraglawarming conditions (Fischer and
Schar 2010), along with the increment of otherets (IPCC 2012).

Another important factor for the development ofth@aves is precipitation deficit. A lack
of soil-moisture reduces the latent heat flux aesults in an amplification of heat waves
(Jaeger and Seneviratne, 2011). An important rbj@eceding dry soils in enhancing major
European heat waves of 1976, 2003 and 2006 wasshgpWwischer et al. (2007).

The aim of the present study is to assess thereityref the 2013 summer in Europe. In
the most affected Central European region, therggwa heat waves during this summer is
evaluated based on long-term station data serigsallf; an analysis of preceding
precipitation, mean sea level pressure, and 500gkBpotential height is performed in order

to explore possible drivers of the most intense32@dat wave over Central Europe.

7.2 Data and methods

The extremity of the 2013 summer is assessed tweEturopean domain (Figure 7.1)
using gridded daily mean and maximum temperatusesithernmost regions and Iceland
were excluded due to partially missing data. Temjpee data was taken from the E-OBS
10.0 gridded data set (Haylock et al. 2008), wliiak a spatial resolution of 0.25° and covers
the entire land area. European mean summer termapei@i;») was calculated as an average
of all daily mean temperature {da) grid point values during the entire season, weidtoy

their respective areas. Summer was regarded gsetiwd of June to August. High summer
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temperatures were assessed through daily maximmpetature (fa) excesses above the
90" percentile of summer i distribution (calculated from the 1961-2000 peyicthese
excesses in individual grid points were summedefegry summer, and hereafter they are
referred to as TS90. In order to assess interanaralbility of TS90 on the European scale,
this characteristic was averaged over continential goints, weighted by their respective
areas (mean TS90).

Elevation [m a.s.l.]
P <50

[ 51-100

[ ]101-200

[ ]201-500
[ 501-1000

[ ] 1001-1500
[ ]=z1501

© weather station

1 Kremsmuenster 5 Milesovka

2 Graz 6 Pecs
3 Wien 7 Hurbanovo
4 Zagreb 8 Ljubljana
0 500 1000 1500 2000km
[ BN BN EE—  ES—

Figure 7.1. European domain, location of the weathations included in the heat wave
analysis and elevation model (GTOPO30) used irfet@BS gridded data set.

In the Central European region (with largest terappge anomalies in the 2013 summer),
the analysis of heat waves was performed using data from weather stations involved in
the European Climate Assessment & Dataset (ECA&Djept (Klein Tank et al. 2002). We
selected 8 stations with long-term temperatureesefinore than 100 years), listed in Table
7.1. No other long-term series involving 2013 isailable within ECA&D in this area,
including Poland and eastern Slovakia. Although rifegority of the stations exhibits some
inhomogeneities (Wijngaard et al. 2003), this dmhstill represents the best source of long-
term station data over Central Europe and has lbsed in a variety of analyses (e.g.
Beniston 2013; Simolo et al. 2014).
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Table 7.1. Stations included in the heat wave amaly

Id Station Country Elevation Start Missing years
[ma.s.l]
1 Kremsmuenster Austria 383 1876
2 Graz Austria 366 1894 1945
3 Wien Austria 199 1876
4 Zagreb Croatia 157 1881 1886
5 Milesovka Czech Republic 833 1906  1930-1935
6 Pecs Hungary 203 1901
7 Hurbanovo Slovakia 115 1901
8 Ljubljana Slovenia 299 1900 1919-1922, 1925

The definition of a heat wave was based on excedsmee the 90 percentile of summer
Tmax The minimum duration of a heat wave was setdays, in accordance with the majority
of studies (Meehl and Tebaldi 2004; Della-Martale2007b; Kysely 2010). The severity of
individual heat waves was measured using the sufn.qfexcesses above the™percentile,
hereafter referred as HW90. Table 7.2 summarizealibreviations used.

Table 7.2. Description of abbreviations used.

Abbreviation Data character Variable Definition
Tiia gridded Trean European mean summer temperature
summed daily excesses above th& 90
TS90 gridded thax percentile of their distribution within

individual grid points in summer
same as TS90, but averaged over the European

mean TS90 gridded mlx domain
summed daily excesses above the 90th
HW90 station Thax percentile of their distribution during

individual heat waves in summer

Precipitation data for a detailed analysis of thestrintense 2013 heat wave was taken
from the E-OBS data set (Haylock et al. 2008). Sndisture conditions were assessed
indirectly through effective precipitation (ByundVilhite 1999), calculated as the summed

value of daily precipitation with a time-dependesduction function:

Ef fective precipitation = Z [(Z Pm)fn]
n=1 m=1
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where R, is precipitationm days before andis the length of the period considered. We
utilized the 3-month period prior to the August 2(ieat wave in order to capture also the
Central European floods at the turn of May and J@héschl et al. 2013). However, effective
precipitation is only little affected by the valuasthe beginning of the analysed period. Sea
level pressure and 500 hPa geopotential height dais taken from the NCEP/NCAR
reanalysis (Kalnay et al. 1996).

7.3 European mean and extreme summer temperatures

The average of jja for the 1961-2000 period was 16.9°C. No summehn wigative Ja
anomaly occurred after 1993 and the summers of 20032010 were markedly above the
others, with positive Jia anomalies only slightly below +2.0°C. The coldastnmer occurred
in 1978 and had a negativg;danomaly of —1.1°C. The 5-year running average suoan
increase since the mid-1970s, with the greatestegalt the end of the series. On the
continental scale, the summer of 2013 was rankedea§" warmest European summer since
1951 (+1.4°C) and its ;o was comparable to those of the summers of 2002686 (Figure
7.2a).

The time series of the annual values of mean TS98hbwn in Figure 7.2b. This
characteristic reflects occurrence of major heatesaather than mean summer temperature.
The summer of 2013 was less pronounced in thisackexistic and thus it is characterized
rather by an absence of cold periods than by oenaer of an extraordinary heat wave on the
continental scale.

The relationship between;;k and mean TS90 is shown through a scatter ploigaré
7.2c. Values in individual summers were fitted téogarithmic trend line, which indicates
that a relatively small increase injA is linked to a substantial increment in heat waves

magnitude. A Tiaincrease of 1°C is associated with an approxirdat#ling of mean TS90.

55



2.0

1.5 - 18.5
—_ AT { 18.0
g 1.0 _,/ '
= 17.5 =
T A P
£ o001 1. S 2 . - — I 170 =
5 I pofar J A= 3
S -05 = - 165
3 -1.0 - 16.0
-
-1.5 15.5
'2-0 \IIIII\II\\I\\II\II\\II\II\I\\II\III\I&\!I\III\I\\II!II\II\\I_15'0
1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011
A year
100
80 °
o
o °
o 60
(<))
(7]
[
c 40
@
£
20
0 Trrrrrrrrrrrrrrrrr1rrr1rrr1rr1r1rrr1rrr1rrr1rrr1rrr1rrrrrrrrrrrrrrrrrorrro
1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011
B year
85
[ ]
75
T 65 ,
(&)
[ 55 ° “~
o °
8 45 () ® //
L ° °
S 35 o« °
Q oo
E 25 Py .: ‘—‘*/.
: _;.ﬂé‘—ﬂ"}..a‘/‘ % 2_
15 R?2=0.82
| . S| ° L
C 15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0
Ty [°Cl

Figure 7.2. (A) European mean summer temperaturth&1951-2013 period and the 5-year
running average. The;ja anomaly was calculated with respect to the 196Q62friod. (B)
Seasonal sums of positive dailyk excesses above the"™percentile of the summeryI;
distribution averaged over continental Europe (m&&A0) and the 5-year running average.
(C) Scatter plot of J;a and mean TS90 with a logarithmic trend line andoefficient of
determination (B, indicating how well data fit a statistical model
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Figure 7.3 shows spatial patterns of seasonal T@%0e 8 European summers with mean
TS90 exceeding 40°C. In the most extreme summe&0a&D, the greatest values of TS90
(regionally exceeding 200°C) were observed oveast grea in Eastern Europe. TS90 greater
than 200°C also occurred in 2003 over Western Eurapd in 2012 over the Balkan
Peninsula, but the spatial extents in these cases smaller than in 2010. In the summer of
2013, the greatest values of TS90 were located Geatral Europe. Although these were less
pronounced than, for example, the values for tHO2Zlummer in Eastern Europe, the summer
of 2013 was one of the most extreme over the CeBtrebpean region. In this area, the

severity of heat waves in 2013 was assessed badedgterm station series.
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Figure 7.3. Spatial patterns of TS90 for 8 Europsammers with mean TS90 exceeding
40°C in Europe during 1951-2013. The areas withJTi89ow 20°C are in white.
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7.4 Long-term variability of Central European heat waves

We analysed 8 Central-European stations with lengrtseries of observed data to assess
the severity of heat waves during the 2013 summea ilong-term context. Interannual
variability of heat waves was calculated based WoH (Section 7.2).

The majority of stations showed the largest magieitof heat waves in the past two
decades (Figure 7.4). This maximum was precededobgiderable decrease of heat wave
severity in the 1960s and 1970s. The stations éocéd the south had secondary maxima
during the 1940s and 1950s, which were especiatijqunced in Pecs where heat waves in
the summers of 1946, 1950, and 1952 were the mostrs for the entire period of
observation. In Kremsmuenster, the secondary maximas located at the end of the"19
century, but this phenomenon was not observedeatttiier stations with available data. This
is discussed in more detail in Section 7.6.

In Kremsmuenster and Graz (Austria), the seasamalaf HW90 in 2013 was largest for
the entire period of observation. Heat waves wepe@ally severe in Kremsmuenster, where
the seasonal sum of HW90 in this summer was 12&Hie the second largest value since
1876 was only 74°C. At Milesovka (Czech RepubMjen (Austria), Hurbanovo (Slovakia),
Ljubljana (Slovenia), and Zagreb (Croatia), thesseal sum of HW90 in 2013 was ranked as
the second or the third largest one. The recendetery to hot summers may also be
illustrated by the fact that the seasonal sums \W9H in the last two years of data (2012,
2013) were among the three highest values sincbefmning of available data in Ljubljana,
Zagreb and Hurbanovo. The extreme 2013 heat wawvégamsmuenster are examined in

detall in the next section.
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Figure 7.4. Long-term variability of heat waves8aCentral-European stations. The grey bars

indicate seasonal sums of HW90. Black line reprsstre 5-year running average, and its

interruption denotes missing data.

7.5 Description of the 2013 heat waves and driving meehisms

During the summer of 2013, 3 heat waves with toiaation of 27 days occurred in

Kremsmuenster. The most intense was the heat wetveebn 1 and 8 August that had the

mean daily excess above thé"giercentile of summer, iy distribution of 6.0°C (Figure 7.5).

The record-breaking maximum temperature for Augiid.5°C) occurred during this event

and was measured in Bad Deutsch-Altenburg on 8 #tugthe 98 percentile of summer
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Tmax distribution was exceeded in 6 more days during32@ut these days did not meet the
minimum length criterion for heat waves.

10

excess above the 90th
percentile [°C]
D

0 |
1.6 86 156 226 296 6.7 13.7 20.7 27.7 3.8 108 17.8 24.8 31.8
date

Figure 7.5. Tax €xcesses above the "™@ercentile of the summerT; distribution in
Kremsmuenster during the summer of 2013. Horizobkatk lines indicate the mean daily

values of the J..xexcesses during the heat waves that have beestatkte this summer.

A more detailed analysis of the most intense Aug@0413 heat wave was made in order to
reveal the driving factors of this event. The gesataverage of ;J.x anomalies from their
mean value during the heat wave was located irhsautregions of Central Europe. These
anomalies reached nearly 10°C in Austria and Slavand anomalies exceeding 5°C were
observed over large parts of Central Europe. Teatpess were close to the long-term mean
for this period of year in the rest of Europe (Fgyd.6a).

The spatial pattern of the effective precipitatioromaly at onset of the heat wave (Figure
7.6b) showed drier conditions in the area of laegaperature anomalies. In this region, the
lowest values of the effective precipitation wergycabout 25% of their mean values for this
period of the year, thus indicating a soil-moistudeficit that might have led to an
amplification of the heat wave. However, this défimas not so pronounced on the
continental scale, since some areas (e.g. theatb&eninsula or south-eastern Ukraine) had
even greater precipitation deficits. By contrastpracipitation surplus was observed over
north-western Europe.

A large high-pressure area over Central Europendktg from the Mediterranean is
found in the composite map of sea level pressuretife August 2013 heat wave period
(Figure 7.6¢). This circulation pattern togethethna low-pressure system located over the
British Isles controlled an advection of warm amsses into Central Europe. The area of high
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pressure was centred over Austria, and this suppatear-sky conditions and related positive
anomalies in the surface radiation budget. The-pigissure ridge is also evident from the

composite map of the 500 hPa geopotential heighgti(€ 7.6d).
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Figure 7.6. A) Average Jaxanomalies for 1-8 August 2013 relative to its mealne for this
period of year. B) Effective precipitation for 1 Ma 31 July 2013 relative to its mean value
for this period of year. C) Mean sea level pressarel-8 August 2013. D) Mean 500 hPa
geopotential height for 1-8 August 2013. The mealues were calculated over the 1961—
2000 period. The black dot represents the Kremsstaestation.

61



7.6 Discussion and conclusions

As concluded by Hartmann et al. (2013), it is darthat global mean surface temperature
has increased since the late 19th century. Moreowacording to paleoclimatic
reconstructions, the past two decades were warsiase 1500 (Popa and Kern 2009;
Luterbacher et al. 2004). The record-breaking Eeaopsummer of 2010 (Barriopedro et al.
2011) remained the warmest on the continental stalethe summer of 2013 was more
severe in certain regions over Central Europe.

In relation to the shift of the European summer miganperature distribution and to the
increase of its variability (Schar et al. 2004)atheaves have become more frequent and
severe Iin the past two decades. According to seh$wat wave characteristics, the 2013
summer was the most severe on record at 2 oued #tations in Central Europe, and ranked
second or third at 5 other stations with long-tetata. By contrast, the greatest severity of
heat waves in Pecs was observed in the mftiezitury. A similar pattern was reported by
Kysely (2002) for Basel (Switzerland), thus indingtthat this feature may be typical for
more southerly stations.

The enhanced severity of heat waves in Kremsmueastee end of the {century does
not correspond to other long-term analyses of heates (Della-Marta et al. 2007a; Kysely
2010). The so-called early instrumental warm-biaass identified at this station, which
affected temperature measurements at least urmi (Bohm et al. 2010). Inhomogeneities in
long-term European data sets were identified alsatteer locations (Wijngaard et.£003;
Winkler 2009; Brunet et aR011) and some stations are influenced by an unlean island.
However, its effect is relatively small on summaepJ(Wilby 2003). The greatest severity of
the recent heat waves is evident at the majoritgxaimined locations, including stations on a
mountain summit (Milesovka) and in small towns (bamovo, Kremsmuenster), and thus is
quite robust.

The mean sea level pressure field during the Augd$8 heat wave over Central Europe
corresponds to the second canonical correlatiolysinanode between sea level pressure and
the heat wave index (Della-Marta et 2007b). A similar anticyclonic circulation pattesxer
Central Europe was also found conducive to heatewdw Kysely (2008). The effective
precipitation anomaly at the onset of the heat wawveals a soil-moisture deficit in the area
of pronounced temperature anomalies. This is ir@ance with previous studies showing
that the majority of European heat waves were pietdy a precipitation deficit (Fink et al
2004; Fischer et al. 2007). By contrast, the suitslaprecipitation deficit over the Iberian
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Peninsula was not associated with a heat waveaplpldue to a westerly advection and
more cyclonic conditions. The precipitation surplmwger north-western Europe (including
north-western parts of Central Europe) was probéibked to intense mesoscale convective
systems that hit France, the United Kingdom andn@ey at the end of July. These
thunderstorms and associated hailstorms were del@tethe so-called “Spanish Plume”
(Holley et al. 2014) and caused record-breakinghesoc losses (in billions of euro) across
Germany (Kreibich et al. 2014).

In general, the early-August 2013 heat wave extubiboth favourable synoptic
conditions and a lack of preceding rainfall overstnof Central Europe that probably had an
amplifying effect on the heat wave’s magnitude céimbination with major flooding in the
Danube and Elbe river basins during early Juneg@ibet al. 2013) and severe convective
storms at the end of July, the 2013 summer mayeithdepresent "a shape of things to come”
for future summer climate — a climate probably m@mne to both temperature and

precipitation extremes.
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8 Article Ill: ‘Spatial and temporal characteristics of heat waves over

Central Europe in an ensemble of regional climate wdel simulations’

Ondej Lhotkd® and Jan Kysefy

 Institute of Atmospheric Physics, Academy of Scahof the Czech Republic, Prague, Czech Republic

® Faculty of Science, Charles University, PraguesdbzRepublic

Abstract: The study examines the capability of regional cterraodels (RCMSs) to reproduce
spatial and temporal characteristics of severe r@ekuropean heat waves. We analysed an
ensemble of 7 RCM simulations driven by the ERArd@nalysis over the 1961-2000 period,
in comparison to observed data from the E-OBS gdddataset. Heat waves were defined
based on regionally significant excesses aboverbeéel-specific 95% quantile of summer
daily maximum air temperature distribution and thseverity was described using the
extremity index. The multi-model mean reflected dieserved characteristics of heat waves
quite well, but considerable differences were foantbng the individual RCMs. The RCMs
had a tendency to simulate too many heat wavesaibia shorter but their temperature peak
was more pronounced on average compared to E-OBSciéhcies were found also in
reproducing interannual and interdecadal varigbdit heat waves. Using as an example the
most severe Central European heat wave that occumrel994, we demonstrate that its
magnitude was underestimated in all RCMs and thatitias was linked to overestimation of
precipitation during and before the heat wave. Bgtast, a simulated precipitation deficit
during summer 1967 in the majority of RCMs conttduzlito an ‘erroneous’ heat wave. This
shows that land—atmosphere coupling is crucialdeveloping severe heat waves and its
proper reproduction in climate models is esseritialobtaining credible scenarios of future
heat waves.

Keywords: heat waves; regional climate models; land—atmagpheoupling; spatial
characteristics; interannual variability; ENSEMBLRE®ject

8.1 Introduction

Heat waves (periods of extremely high air tempeeatin summer) are important
phenomena of the European climate. Extraordinagy Wwaves that were observed in the past
two decades, mainly the extreme 2003 heat waveramde (Black et al. 2004) and the
extraordinarily hot summer of 2010 in Russia (Satereit et al. 2012), have attracted much
interest in the climatological community. Heat wsvieave major impacts on terrestrial
ecosystems, water resources, forestry, agricultime, power industry and human health
(e.g. De Bono et al. 2004; Beniston et al. 200yiBpedro et al. 2011). Due to the expected

rise in global mean air temperature (IPCC 2013) @nogected strengthening of atmospheric

67



blocking over the Euro-Atlantic region due to Accthmplification (Francis and Vavrus
2012), there are concerns that the losses causbddtywaves will be increasing. Meehl and
Tebaldi (2004) and Seneviratne et al. (2012) aedlysutputs of global climate models
(GCMs) to demonstrate that heat waves will beconeeenfrequent and intense in a future
climate. In addition, Fischer and Schar (2010) easpted that the most pronounced changes
would occur in low-altitude river basins affectingany densely populated urban centres. To
verify the credibility of these projections, modaeltputs for recent climate must be evaluated
against observed data.

The evaluation of modelled daily maximum tempemtir summer (Fa) over Europe
was performed by many authors. Kjellstrom et 8002 examined Jax from several regional
climate models (RCMs) from the PRUDENCE project ri€iensen and Christensen 2007).
The RCMs (driven by the HadGEM GCM) generally tetwd underestimate Jfx in
Scandinavia and the British Isles while they ovemesie Tnax in Southern and Eastern
Europe. This bias was larger in the tails of thgxistribution. A similar T,ax pattern over
Europe was reported by Nikulin et al. (2011), wh@rained the RCA3 regional climate
model (Samuelsson et al. 2011) driven by the ERAd@halysis (Uppala et al. 2005).
Christensen et al. (2008) found larger warm biasesxtremely warm conditions with the
implication that climate models may not properlypresent future warmer conditions
correctly.

Over Central Europe, RCMs tend to slightly undeneste Tnax (Kjellstrém et al. 2007,
Nikulin et al. 2011). Plavcova and Kysely (2011pkenated Thax in RCM simulations from
the ENSEMBLES project (van der Linden and Mitcl20i09). Their results were consistent
with majority of previous works, indicating negatiwiases of modelledIx over Central
Europe. It should be noted, however, that Kjellstrét al. (2010) reported that the biases in
this region are the smallest of all those acrossetitire ENSEMBLES-RCMs domain.

Central Europe recently experienced exceptionaiijh Hemperatures in August 2012,
when the new all-time temperature record (40.4°@} wet in the Czech RepublicéfiNec
2012). In summer 2013, moreover, Central Europeaffasted by a series of heat waves that
peaked on 8 August, when the new absolute maxinenmpérature (40.5°C) was measured in
Austria. The previous all-time temperature recayd Austria (39.9°C) had been set only a
few days earlier, on 3 August, 2013 (ZAMG 2013).

Compared to Jax Simulation, a proper reproduction of heat waveseven more

challenging. This requires not only a good simolatdf the right tail of the Jax distribution
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but also of the persistence of extremely high.TThe capability of RCMs to simulate heat
waves over Europe was evaluated by Vautard et2803). They used a high resolution
(0.11°) ensemble of RCM simulations from the CORDgXject (Giorgi et al. 2009). Due to

the absence of observed gridded data in very l@gblution, they interpolated model outputs
to the ECA&D stations (Klein Tank et al. 2002) gpithe nearest-neighbour method with
elevation adjustment. Modelleddx in Central Europe still suffered from biases, whic

influenced the characteristics of modelled heatesatat were too persistent and severe.

Many papers have focused on potential sources @dettbiases, and especially on
atmospheric circulation and land—atmosphere cogpliithough the relationship between
atmospheric circulation and surface air temperatirEurope is most significant in winter
(e.g. Cattiaux et al. 2012), extreme high summerperatures are also related to specific
circulation patterns (Della-Marta et al. 2007; Kys2008). The capability of RCMs to
reproduce circulation indices (flow direction, sigéh and vorticity) in Central Europe was
investigated by Plavcova and Kysely (2012). Driisnthe ERA-40 reanalysis, the utilized
RCMs reproduced the circulation indices relativelgll. These results are in concordance
with Blenkinsop et al. (2009), who evaluated sinedacirculation indices over England.
Plavcova and Kysely (2012) also demonstrated thifferences between frequency
distributions of circulation indices were higherevhthe model ensemble contained one RCM
driven by various GCMs. On the contrary, theseedéhces were smaller when the model
ensemble involved various RCMs driven by one GCHisTeflects the fact that atmospheric
circulation is primarily given by lateral boundaponditions and is little modified by
individual RCMs.

The significant influence of land—atmosphere couplon high summer air temperatures
was shown by Fischer et al. (2007) who performed/RGnulations of T,ax during the most
severe European heat waves with coupled and urewwgalil-moisture scheme. They found
major differences between these two types of sitimuls, thus indicating that improper
simulation of soil-moisture content can dramaticalter a reproduction of ;5x and heat
waves. These results were confirmed by Jaeger andv8atne (2010) who studied RCM
simulations of Tax over Europe under several soil-moisture scenafogeduction of soil-
moisture content led to increase @f.Jand prolonged mean heat wave length.

Although a lot of work has been done to evaluaterser T,.x in RCM simulations
(including an attribution of biases) and a numbdr studies examined heat wave

characteristics for individual grid points as wdilitle attention has been given to evaluating
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heat waves aspatial temperature patterns. In this study, we analygpediad and temporal
characteristics of heat waves in an ensemble of R&@Milations from the ENSEMBLES
project. These simulated heat waves were evalagathst observed ones delimited from the
E-OBS gridded dataset (Haylock et al. 2008). Weegtigated the capability of RCMs to
reproduce their spatial extent, interannual valitgbitemperature amplitude and length.
Furthermore, the capability of RCMs to reproduce thost severe Central European heat
wave observed in 1994 (Lhotka and Kysely, 2014) wnalysed, and simulation of an
‘erroneous’ heat wave at the turn of July and Aagii867 was examined in detail. Because
soil-moisture feedback can significantly alter tteat wave pattern (e.g. Fischer et al. 2007),
we focused on this aspect when studying variatemeng individual RCMs during these

events.

8.2 Data and methods

8.2.1 Regional climate model simulations

We examined 7 RCM runs driven by the ERA-40 reagialyrom the ENSEMBLES
project (Table 8.1). The simulations cover the D0 period. The model runs were
selected on the basis of their cartographic prigecfrotated latitude/longitude grid with
South Pole coordinates —39.25 N, 18.00 E and 25 r&solution). This specification
corresponds to the E-OBS gridded dataset (0.22tawtgrid version). In addition, all RCMs
have metadata available. The number of verticaklgevn the RCMs varies from 24
(SMHIRCA) to 40 (KNMI-RACMO?2), orography was adogdtérom the GTOPO30 dataset
(except for METO-HC_Had, which uses the US NavydHaset). Each RCM utilizes its own
land—surface scheme with different types of landecawith specific behaviours and have
several soil layers for modelling heat and moissi@age and fluxes. An example of how
these processes are described in one of the RCHigan in Samuelsson et al. (2011). The
depth of model bottom varies across individual RCMx=l that creates some difficulties when
analysing soil moisture conditions. Further deswips of individual models are available in
metadata files at the ENSEMBLES RT3 data portap(iensemblesrt3.dmi.dk/).
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Table 8.1. Examined RCMs driven by ERA-40 reanalysi

Acronym Institution Model
C4IRCA3 Community Climate Change Consortium fotanel RCA ver. 3
ETHZ-CLM Federal Institute of Technology in Zurich CLM ver. 2.4.6
KNMI-RACMO2 Royal Netherlands Meteorological Insii¢ RACMO ver. 2.1
METNOHIRHAM Norwegian Meteorological Institute HIRKM ver. 2
METO-HC_Had Hadley Centre HadRM ver. 3Q0
MPI-M-REMO Max-Planck Institute REMO ver. 5.7
SMHIRCA Swedish Meteorological and Hydrologicaltige RCA ver. 3

8.2.2 Area of interest
The analysis was performed over Central Europesfisat! by 1,000 grid points (40x25)
and covering an area of 625,000 %(f&igure 8.1). This region is located in the ardthiw
approximately 47-53° N and 8-22° E. It includesr@any (excluding northern areas and the
Rhineland), northern Austria, the Czech Republie, 2outh-western part of Poland, Slovakia

(excluding its eastern part) and northern Hungary.

0° 10°E 20°E 30°E

° e |
BN i .. Central Europe
D larger domain
55°N Elevation [m a.s.l.]
I <50
[ |s1-100
50°N [ ]101-200
[ ]201-500
[T 501 - 1000
1001 - 1500
45°N
[ ]=1501
40°N 0 250 500 750 1000km

[ = = — SS—"

Figure 8.1. Definition of Central Europe (black kded polygon), the larger domain (grey
solid polygon) and the elevation model (GTOPO3@dus the E-OBS 9.0 gridded dataset.
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8.2.3 Datasets utilized

To evaluate spatial and temporal characteristic€ehtral European heat waves, we
examined modelled time series gf.fthat had a length of 3,680 days for each RCM @#&d
in each summer over the 1961-2000 period; summsrregarded as the period between 1
June and 31 August). Observed data (E-OBS) fosdhnge period were taken from the E-OBS
9.0 gridded dataset (Haylock et al. 2008) with #aene projection and resolution as the
modelled data.

For evaluating precipitation rates during and befoeat waves, we used modelled daily
precipitation data. This data was compared withepled precipitation from the E-OBS
gridded dataset (Haylock et al. 2008). Due to ddfé thickness of soil layers among
individual RCMs and various depths of RCM bottoims$s impossible to compare simulated
soil moisture content directly between individualiRs. Inasmuch as wet soils yield a high
evaporative fraction (e.g. Small and Kurc 2003)l swisture conditions were estimated on
its basis. The evaporative fraction (EF) is defimsdthe ratio between latent heat flux)(Q
and available energy (sum of latent heat flux aavbible heat flux (@Q)) and it is related

to the Bowen ratiof):

__ e _ 1
Qa+Qh 1+B

EF

8.2.4 Definition of heat wave

The definition of a heat wave (HW) was based orpiirsistence of hot days (HDs) and is
the same as that in Lhotka and Kysely (2014), wealtdwvith HWSs in the E-OBS gridded
dataset. For each day in summer, daily maximunteanperature (fay) in each grid point
over Central Europe was transformed int@xIdeviation by subtracting the grid point specific
95% quantile of summery[Lx distribution (calculated from the 1961-2000 peyiodhy day
was considered a HD when the average of thgsgedEviations over all grid points in Central
Europe (Figure 8.1) was greater than zero. Th#t#) aan occur only if a substantial part of
Central Europe is affected by,J above the 95% quantile.

A HW over Central Europe was defined as a periodt ¢éast three consecutive HDs. For
this period, the grid maps of positivenk deviations (excesses) were summed into a
cumulative map. The relatively strict criteria alladentifying only major HWs that are
presumed to have considerable impacts on the ha&maronment and society. This
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definition was applied for both simulated and olssdrdata. Due to biases in the modelled
95% quantile of the i« distribution and because our intention was to $oco spatial and
temporal characteristics of HWs rather than thgyTbias itself, we utilized respective
95% quantiles (calculated for each RCM) when deingi HWs from modelled data. The
respective quantiles were applied also by Vautdrdle (2013) who evaluated HWSs in
CORDEX-RCM simulations over Europe.

To describe the severity of individual HWs, we usetieat wave extremity index,}
Lhotka and Kysely 2014) that is calculated from @malative map of positive Jx
deviations. Values of individual grid points (TSmMaare summed up and scaled by the total
number of grid points in Central Europe (1,000):

1 T
I =—— TS ", [°C
- 1“””2( max'), [°C]

where n is the number of grid points with a positiv,ax deviation in a cumulative map. This

index uses summed deviations over the whole pehiosohg which a HW persists, and hence
it captures joint effects of temperature magnitusjgtial extent and also length of a HW.
Detailed evaluation and discussion of the extrermtyex is given in Lhotka and Kysely

(2014).

8.2.5 Heat wave characteristics

In addition to using iy, we evaluated several other characteristics of HWse
temperature amplitude £y is the highest daily value ofpix deviations from the 95%
quantile of summer Ja« distribution during the HW (in any grid point ireGtral Europe) and
represents an anomaly of its peak temperatureleriggth of a HW (L) is the number of days
during which a HW persists (the number of conseeutiDs). The spatial extent (A) is given
by an area where the,Jx deviations from the 95% quantile of summer Tmastrithution
were positive for at least 3 days. This is the artigracteristic that was calculated over the
larger domain (Figure 8.1) in order to capture lHrger-scale pattern associated with each
HW. The larger domain is defined by 10,000 gridng®i(100x100), but we excluded grid
points over the sea and used only 7,016 contingnihlpoints in order to allow a comparison

with E-OBS. Although HWs were visualised over thasger region, grid points outside
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Central Europe were not taken into account whercutating hw, Tamp and L. The
characteristics of HWs are summarized in Table 8.2.

Table 8.2. Characteristics of heat waves.

Abbreviation Description Units Domain
Ihw heat wave extremity index °C Central Europe
Tamp temperature amplitude °C Central Europe
L length days Central Europe
A spatial extent ki larger domain

The ratio between the total duration of HWs and tibal number of HDs indicates
whether HDs have a high clustering tendency (@ reltise to 1), or whether HDs tend to
occur separately throughout summer (a ratio clog®.t This ratio is hereafter referred as the

clustering index ().

8.2.6 Temporal autocorrelation
Persistence of J.x over Central Europe was assessed by temporal auttation
computed as Pearson product-moment coefficientsafjged data pairs, which is the most
commonly used method (Wilks 2011). For each dasummer, Tax values across 1,000 grid
points over Central Europe were averaged into ematly averaged Jax which was used to
compute correlation coefficients. Since thgad series is not continuous, we computed

correlation coefficients individually for each surnand averaged them thereafter.

8.3 Evaluation of heat wave characteristics and tempoiavariability in RCMs

During the 1961-2000 period, the RCMs simulated @04t days on average (Table 8.3),
which is comparable to E-OBS (105). By contrast, riulti-model mean of the total duration
of HWs was larger than in E-OBS, which is due tdgher clustering tendency of hot days in
the RCM simulations (manifested in greater value$,h The temperature amplitude was
overestimated in the majority of the RCMs, and egty in METO-HC_Had. This RCM
suffered from unrealistically hot isolated grid pisi that caused the highest average
temperature amplitude (14.3°C), far exceeding theeoved value (6.0°C). The average
length of HWs was too short in modelled data, dme dnly RCM that simulated too long
HWs on average was KNMI-RACMO?2. Although the muttedel mean of simulated spatial
extent was similar to E-OBS, large variations w@mesent among individual RCMs.

SMHIRCA simulated low average values (796,10Fkmwhile the spatial extent of HWs was
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considerably enhanced in KNMI-RACMO2 and METNOHIRMA(Table 8.3). Pronounced
differences among the RCMs exist also in averagktatal extremity index. For example,
both average and total, were more than twice as great in KNMI-RACMO2 as in
SMHIRCA (Table 8.3). In the multi-model mean, thege value ofy}, (characteristic of a
single HW) was underestimated while the totgMas overestimated, which is related to the
greater number of HWs in modelled data.

Table 8.3. Comparison of HW characteristics in R€Mulations and observed data (1961—
2000).

HW Average Total
HD HW " Guration ' Tamp L A I ’ lhw

C4IRCA3 102 13 48 0.47 6.1 3.7 9243 5.5 71.6
ETHZ-CLM 102 13 49 0.48 7.2 3.8 9454 7.8 100.9
KNMI-RACMO2 111 13 69 0.62 6.4 5.3 1259.2 106 137.6
METNOHIRHAM 112 14 62 0.55 8.3 4.4 1279.2 9.8 136.6
METO-HC_Had 101 12 47 0.47 143 3.9 1016.6 10.6 126.7
MPI-M-REMO 99 14 49 0.49 7.9 35 9371 6.1 84.7
SMHIRCA 105 14 53 0.50 5.1 3.8 796.1 4.9 68.5

Multi-model mean 104.6 13.3 53.9 0.51 7.9 4.1 1022.5 7.9 103.8

E-OBS 105 9 42  0.40 6.0 4.7 9245 9.1 817

HD — number of HDs, HW — number of HWs, HW duratietotal duration of HWs [days] I clustering index
of HDs, T,mp — average temperature amplitude of HWs [°C], Lverage length of HWs [days], A — average
spatial extent of HWs [thousands §mAverage },, — average heat wave extremity index [°C], TotgH total

heat wave extremity index [°C].

Because (| was overestimated in all RCMs, we evaluated a teaipautocorrelation of
regionally averaged .kx among individual RCMs in comparison to E-OBS (Fe&g8.2). In
general, most RCMs (except for METO-HC_ Had) exkibitslightly greater values of
autocorrelation coefficients than E-OBS. The loweslues of § in C4IRCA3 and METO-
HC_Had are linked to relatively low correlation ffiagents (but still higher than the observed
one in the case of C4IRCA3). The second highestievaf I in METNOHIRHAM s
accompanied by the highest correlation coefficiepésticularly for lags of 2 days and more.
Although the relationship between, land the correlation coefficients is not perfectly
expressed, the results suggest that the generdigneed clustering tendency of hot days in
the RCMs is related to an overestimated autocdioel®f Tax
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Figure 8.2. Temporal autocorrelation of regionalyeraged Fax in RCM simulations and E-
OBS during the 1961-2000 period.

The substantial overestimation of the totaldy the RCMs was analysed with respect to
precipitation rates during the HWs (Table 8.4). Thbserved summer precipitation
climatology (238.8 mm) and the average summer daigcipitation (2.6 mm) over Central
Europe were simulated reasonably well in all RCkd they are captured almost perfectly by
the multi-model mean. In E-OBS, the average daigcipitation during HWs was 0.9 mm,
which is approximately one third of average sumdwly precipitation (35%). This ratio was
considerably underestimated in KNMI-RACMO2 (9%) tthaimulated virtually no
precipitation during HWs, which is probably relatedhe generally overestimated severity of
heat waves in this RCM (expressed by the greatdae\of average,l as well as totaln},).
Overestimated values of total,in ETHZ-CLM, METNOHIRHAM and METO-HC_Had are
also linked to low average daily precipitation daigrithe HWs, while lower values of total, |

in the rest of the RCMs are associated with higlverage daily precipitation during HWs.
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Table 8.4. Precipitation rates during the HWs inMR€lmulations and observed data (1961—
2000).

R_JJA R_day R_HW-day %

[mm] [mm/day] [mm/day]
C4IRCA3 247.7 2.7 0.9 31.7
ETHZ-CLM 233.3 2.5 0.3 10.8
KNMI-RACMO2 192.4 2.1 0.2 9.1
METNOHIRHAM 199.7 2.2 0.4 20.2
METO-HC_Had 281.3 3.1 0.7 23.5
MPI-M-REMO 239.8 2.6 1.4 52.7
SMHIRCA 291.0 3.2 1.3 42.2
Multi-model mean 240.7 2.6 0.7 28.3
E-OBS 238.8 2.6 0.9 35.3

R_JJA — summer precipitation climatology (1961-2000 day — average summer daily precipitation, R -HW
day — average daily precipitation during the HWs-%be ratio (given as percentage) between R_HWaahaly
R_day.

Interannual variability of modelled hot days and BIWW each RCM and E-OBS is shown
in Figure 8.3. Generally, the RCMs had a tendewncgverestimate the number of hot days
and severity of HWs in the first decade (1961-19@8pecially METNOHIRHAM. In 1967,
all RCMs simulated more hot days compared to E-Of88reover, all RCMs simulated at
least one HW in 1967 while no HW occurred in E-OB& year.

The 1971-1990 period was typical for a small nunabdrot days and low,), values in E-
OBS. This feature was well depicted by the majooityRCMs, however, KNMI-RACMO2
and METO-HC_Had clearly simulated too many hot daysl HWs. On the contrary,
METNOHIRHAM simulated no HW and very few hot daysthis period. It should be noted
that the observed 1974, 1976 and 1983 HWs wereaypitired by most RCMs. In addition,
MPI-M-REMO simulated a very high annual sum gf in 1986 while the sum of,} in 1986
was equal to 0 in E-OBS.

The last analysed decade (1991-2000) was punctbgtéte extreme summers of 1992
and 1994. These severe HWs were only reasonably mepftoduced in ETHZ-CLM,
KNMI-RACMO2 and METNOHIRHAM while the rest of the@®Ms failed to simulate major
HWSs in these years. In addition, METNOHIRHAM and M®-REMO simulated very high

annual sums of,),and severe HWs in 1996, which contradicts obsemati

77



50 25 50 25
45 45
40 20 a 40 20 a
£ 35 T £ 35 T
= 30 — 15 6 & 30— 15 6
o 25 5 ° 5 - N S
E 20 sf10e E 201 . 10 8
o 15 . E @ 15 E
10 e . o® o o . 5 € 10 +e I 5 ¢
S [ ] [ ] [ ] [ ] [ ] [ ] '] 5 [ ] .' > I. [ ] ® ®
0 ol lolloee soteteneetee Hlonlee o 011, R T1 | N DR DAY R SO W) N | T e B
1961 1966 1971 1976 1981 1986 1991 1996 1961 1966 1971 1976 1981 1986 1991 1996
summer summer
50 25 50 25
45 45
40 20 o 40 e 20 o
£ 35 I 23 T
5 30 155 g 30 15 6
g § g 25 5
S 20 o 102 5§ 20 e 10 2
v 15 » [ ] [ ] [ ] g (] 15 [ ] g
10 I < &5 £ 10 +7 o 5 ¢
5 ... [ ] [ ] [ ] I ' [ ] - [ ] 5 I [ ] ..'. ..I [} o
RGN | FOREYY I PR £YY I DN I I EVCNN R PR EY DN | PORRTYORT b T Yd N I 1 W Y
1961 1966 1971 1976 1981 1986 1991 1996 1961 1966 1971 1976 1981 1986 1991 1996
summer summer
METO-HC_Had MPI-M-REMO
50 25 50 25
45 45
40 20 o 40 20 o
£ 35 I 235 T
<= 30 156 « 30 15 6
° s 5 2 25 1o . 5
E 2 02 E 10 8
“® 15 ° ° ¥ ° g @ 15 ° b ° g
1? 1 : ) i' .. l 5 € 12 = I ..o .o > <
R OO Y EXCY PO Y || | IR FYAY | P A9 IR S 1 DY PO b Y1 bl | Y Y A
1961 1966 1971 1976 1981 1986 1991 1996 1961 1966 1971 1976 1981 1986 1991 1996
summer summer
50 25 50 25
45 45
40 20 a 40 20 a
2 35 T _Z 35 I
= 30 155 % 30 15 5
g 25 § g =
£ 2 102 £ 2 . ® . 10 2
@ o E & €
15 - e —w L 5 15 . S
10 5 € 10 . 5 £
5 o] o ® * loet a0 5 ..I .I L] - " P - .T .-.
(R N | PRSEPOTYOURT SN Il b ETIEY BN | I R IT1 O CPEYPRCN BREPTLi] P P £ 11 CTTR A
1961 1966 1971 1976 1981 1986 1991 1996 1961 1966 1971 1976 1981 1986 1991 1996
summer summer
50 25 25 12.5
45 20 10.0
, 90 200 |15 - 75 a
= 3% 15 ":c'j £ 9] % Y4 ":c':
o 5 « O 4.1 Toele 0!0 o eed0le tll.i-.. ® lsre 00 =
E 2 08 E st J il | o1 558
=1 E =] i i [ l . E
T E @ .10 H 50 E
10 +—*° . . 5 E -15 75 €
5 [ B} [ ] 'l [ X ] 'l _20 _10.0
0 Toliee o o o2l loqeestletre P10 %o 0l 25 e 12,5

1961 1966 1971 1976 1981 1986 1991 1996

summer

1961 1966 1971 1976 1981 1986 1991 1996
summer

Figure 8.3. Temporal variability of the number of lays (HD, red dots) and the annual sum
of the heat wave extremity index,{] grey bars) in RCM simulations and observed data
during the 1961-2000 period. DIFF represents tfferdnce between the multi-model mean

and E-OBS.
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The difference between the multi-model mean and BSGshowed that the RCMs
overestimated the severity of HWs mainly in 196d 4996 while the severity of HWs was
underestimated in 1992 and especially in 1994.iBlessauses of these discrepancies for the

summers of 1994 and 1967 are investigated in det&éctions 8.4 and 8.5, respectively.

8.4 Reproduction of the 1994 heat wave in RCMs

In this section, we investigated the capabilityREEMs to reproduce the most severe
Central European HW (according t@)lthat occurred in 1994 and persisted for 15 dayby(
23 — August 6). This was a record breaking HW ac@sntral Europe over the 1950-2012
period for which E-OBS data were available (Lhosked Kysely 2014). For the 15-day heat
wave period, we summed the grid maps of positivly da,ax deviations for each RCM into
the cumulative maps in order to obtain simulatetiperature patterns. While all RCMs
agreed with E-OBS that[x deviations were largest in the area north of Géridurope, we
found major differences between the observed 1994 phattern and individual RCM
simulations (Figure 8.4).

Relatively good reproduction of the major 1994 HVeswiound in ETHZ-CLM, KNMI-
RACMO2 and METNOHIRHAM. In particular, ETHZ-CLM andVETNOHIRHAM
simulated the spatial distribution of cumulativenpeerature deviations quite well, however,
the Ly was slightly reduced (Figure 8.4). In KNMI-RACMOR distinct area of extreme hot
anomalies (sum of temperature deviations above 36% quantile of summer ki«
distribution > 50°C) was simulated over north-east&ermany, north-western Poland and
southern Sweden. On the contrary, the south-eapsatnof Central Europe was only little
affected, thus resulting in a lowey,lalso in this RCM. In the rest of the RCMs, theesdy
of the 1994 HW was substantially underestimategeEislly C4IRCA3, MPI-M-REMO and
SMHIRCA simulated only small temperature anomaltbsis resulting in low values ofyl
(Figure 8.4). In 3 RCMs (C4IRCA3, METO-HC_Had, MMHREMO), no HW according to
the definition applied was simulated during theigeecorresponding to the observed HW.
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Figure 8.4. Cumulative maps of positivg.f deviations between 23 July and 6 August 1994
for each RCM, the multi-model mean and E-OBS.

In order to determine the causes of these larderdifces among the RCMs, we analysed
the simulated precipitation and soil-moisture ctinds. First, we evaluated the accumulated
amount of precipitation in the RCMs averaged ovent@al Europe during the 1994 HW
(Figure 8.5).
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In E-OBS, the accumulated average precipitatiorr @#entral Europe during the 1994
HW was 7.3 mm, which is considerably below the radrprecipitation amount for this period
(36.3 mm). We found large differences in this cheastic among the RCM simulations and
a clear relationship to the simulated temperatattems.The reproduction of precipitation
during the 1994 HW was most realistic in ETHZ-CLMdaMETNOHIRHAM (Figure 8.5),
i.e. in the two RCMs with the most realistic tengiare patterns (Figure 8.4). In these RCMs,
the accumulated average precipitation was clos&-@BS. Almost no precipitation was
simulated by KNMI-RACMO2 (the third RCM with a proanced HW) during the whole
period of the 1994 HW. By contrast, the rest of REMs substantially overestimated
precipitation over Central Europe during the permmresponding to the observed HW,
especially MPI-M-REMO and METO_HC-Had. This suggesthat quite realistic
reproduction of temperature patterns for the 199 iH ETHZ-CLM and METNOHIRHAM
was linked to credible simulation of precipitatioates during this period. Almost no
precipitation in KNMI-RACMO2 was probably relateal tinrealistically hot anomalies in the
northern part of Central Europe, while consideramhgrestimated precipitation rates (by a
factor of 3-6) in C4IRCA, METO-HC_Had, MPI-M-REMhd SMHIRCA were associated
with reduced temperature patterns during the HVibder

40 [ [ l [ 1 [
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35 71 ——- ETHZ-CLM --- KNMI-RACMO2 ] .-
30 || === METNOHIRHAM === METO-HC_Had R T CELLE St
MPI-M-REMO === SMHIRCA v

accumulated average precipitation [mm]

Figure 8.5. Accumulated average precipitation o@entral Europe during the 1994 heat

wave (23 July — 6 August).
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We also investigated the precipitation amount dventral Europe in the early-summer
period preceding the HW (from 1 June to 22 Julyje Precipitation deficit was simulated by
all RCMs but it was less pronounced than in E-OB&b(e 8.5). While this might have
contributed to the fact that the 1994 HW was sinedaas less severe over Central Europe
(according tody) in all RCMs, we found no relationship between phecipitation rates in the
previous period and the simulated temperature patfer the 1994 HW in individual RCMs.
In fact, the deficits were larger in those RCM« tttid not reproduce the HW.

Table 8.5. Precipitation rates for the period 1eJur22 July.

R _1961-2000 R 1994 0
[mm] [mm] *
C4IRCA3 148.5 104.5 70.4
ETHZ-CLM 137.4 114.7 83.5
KNMI-RACMQO2 117.5 95.5 81.3
METNOHIRHAM 123.6 111.6 90.3
METO-HC_Had 178.1 143.9 80.8
MPI-M-REMO 150.0 120.3 80.2
SMHIRCA 171.1 125.4 73.3
Multi-model mean 146.6 116.6 79.5
E-OBS 142.6 94.4 66.2

R_1961-2000- the 1961-2000 climatology of precipitation amouhtring June 1 — July 22, R_199%4
precipitation in year 1994 during June 1 — July 22+ the ratio (expressed as percentage) between & 19

precipitation and the 1961-2000 climatology.

The development of evaporative fraction (EF) durihg 1994 HW is shown in Figure
8.6. EF is the ratio between the latent heat fluk the available energy (Section 8.2.3). These
variables are not available in E-OBS, so our amaly&s limited to inter-comparison of the
RCMs. Above-average EF values (moister conditiat#)lng the 1994 HW period were
simulated by MPI-M-REMO (0.82), SMHIRCA (0.81) ai@iIRCA (0.77) in which weak
temperature patterns were found for the 1994 HWuUife 8.4). Below-average values of EF
(drier conditions), simulated in the rest of the \&C(METO-HC_Had (0.59), ETHZ-CLM
(0.60), METNOHIRHAM (0.62), KNMI-RACMO2 (0.67)), we related to the more
pronounced temperature anomalies (Figure 8.4)pwadfh this link was not well expressed
compared to the precipitation amount during the HM& noteworthy that although METO-
HC_Had simulated high precipitation rates (Figufs) &8 mean EF was lowest (Figure 8.6).
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Moreover, KNMI-RACMO2 had moderate EF values (F@uB.6) despite almost no
precipitation simulated (Figure 8.5). This issudiscussed in more detail in Section 8.6.4.
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Figure 8.6. Development of evaporative fractionro€entral Europe during the 1994 heat

wave (23 July — 6 August).

8.5 ‘Erroneous’ 1967 heat wave in RCM simulations

All examined RCMs except ETHZ-CLM simulated a HWveeen 31 July and 4 August
1967 while only a single hot day was observed dutimis period in E-OBS. Analogously to
Section 8.4, we summed the grid maps of positivgx Deviations for each RCM into
cumulative maps in order to obtain simulated temfjuee patterns for this period that were
compared against observations (Figure 8.7). In ESO&hly small positive Jax anomalies
were found over Central Europe that resulted iavavalue for ), (Figure 8.7). By contrast,
all RCMs considerably enhanced temperature pattersigecially METNOHIRHAM that
simulated a severe HW over Central Europe.
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Figure 8.7. Cumulative maps of positivgaf deviations between 31 July and 4 August 1967
for each RCM, the multi-model mean and E-OBS.

As in Section 8.4, we evaluated the accumulateduamof precipitation averaged over
Central Europe between 31 July and 4 August 196&.accumulated precipitation in E-OBS
for the examined period was 17.3 mm (Figure 8.8lictvwas slightly more than the average

precipitation for this period of year (13.2 mm)eEipitation was considerably underestimated
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in all RCMs, which supported development of thedaeous’ HW. The lowest amount of
precipitation (1.3 mm) was simulated by METNOHIRHAM which temperature anomalies
over Central Europe were most pronounced. A sinafaount of precipitation (1.6 mm) in

KNMI-RACMO2 was associated with much less pronoghtamperature anomalies (Figure
8.7), but this RCM has generally very low precipaa amounts during heat waves (Section
8.3). Between one-third and one-half of the obswmecipitation was simulated for the HW

period in the remaining RCMs.
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Figure 8.8. Accumulated average precipitation d@entral Europe between 31 July and 4
August 1967.

The precipitation in the RCMs and E-OBS during pineceding period from 1 June to 30
July is given in Table 8.6. In observed data, trexipitation amount was only slightly below
the 1961-2000 climatology (91%). In the majoritytbé RCMs, by contrast, considerable
precipitation deficits were simulated, especiallpg METNOHIRHAM (41%). The
combination of this major precipitation deficit araimost no precipitation during the
simulated HW most probably contributed to the grsiatemperature anomalies among all the
RCMs. The precipitation deficit in June and Julg aeduced soil moisture in the other RCMs
(except for METO-HC_Had) have also supported theeldgpment of a HW at the turn of July
and August in their simulations.
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Table 8.6. Precipitation rates for the period JureJuly 30.

R _1961-2000 R 1967 0
[mm] [mm] *
C4IRCA3 168.9 134.4 79.6
ETHZ-CLM 156.5 104.5 66.8
KNMI-RACMO2 133.8 91.1 68.1
METNOHIRHAM 138.6 56.8 41.0
METO-HC Had 202.1 231.8 114.7
MPI-M-REMO 170.7 122.2 71.6
SMHIRCA 195.2 149.7 76.7
Multi-model mean 166.5 123.4 74.1
E-OBS 162.2 147.9 91.2

R_1961-2000- the 1961-2000 climatology of precipitation amouhtring 1 June — 30 July, R_1967
precipitation in year 1967 during 1 June — 30 Jédy; the ratio (expressed as percentage) between g 19
precipitation and the 1961-2000 climatology.

8.6 Discussion

8.6.1 Evaluation of spatial and temporal characteristicsimulated heat waves

In evaluating spatial and temporal characteristicbeat waves, substantial differences
became apparent among individual RCMs and betwéen RCMs and observations.
Inasmuch as we calculated 95% quantiles @fx @istribution for each RCM separately to
delimit heat waves, these errors were not causesihiygle T..x biases.

The clustering index of hot days (the ratio betwdentotal duration of heat waves and
the total number of hot days) revealed a genegathater clustering tendency for hot days in
the RCMs than in the observed data. Higher tempartdcorrelation of summer,Jx found
in most RCMs, and particularly for lags of 2 dayslanore, is likely associated with the
enhanced clustering tendency of hot days.

Vautard et al. (2013) showed that RCMs from the ©BR project (Giorgi et al. 2009)
tend to overestimate amplitude and persistence et waves, even when respective
percentiles (calculated for each RCM) are used. Jreater mean amplitude of heat waves
accords with our study, but a comparison of persist is more complex. Vautard et al.
(2013) demonstrated that all RCMs overestimatednimaber of heat waves that persisted
more than a few days at the expense of shortertgvand the overestimation generally
increased with duration. Such attribute was nosgme in our study, since only KNMI-

RACMO2 simulated a longer heat wave than was oleske(Y{8 days long heat wave between
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25 July and 11 August, 1994), and the average tenfitheat waves was shorter in most
RCMs compared to observation.

These seemingly contrasting results are probaldgcieted with different definitions of
events. While our definition of a heat wave waseblasn at least 3 consecutive hot days and a
larger area’s being affected, Vautard et al. (208&luated also single-day events and no
requirement on their spatial extent was imposedis Téefinition, then, resulted in
substantially greater number of events. Moreovehnjgher respective temperature quantile
(95%) was applied in our study. If single-day egembuld be included in our study as well,
then the average length of HWs would decrease masbserved than simulated data (as the
clustering index of hot days is smaller in the obsd data) and the results would be more
consistent. Increasing overestimation for heat wadfdonger duration (Vautard et al. 2013)
is also consistent with greater overestimationutbeorrelation of daily Fax for longer lags,
as found for most RCMs in our study.

Substantial biases in precipitation rates duringt hwaves among the RCMs were
detected; these differences were linked to the extimemity index of heat waves and may be
related to different convection schemes. The imfbgeof convection schemes on the heat
wave development in RCM simulations was recentlgistd by Stegehuis et al. (2014), who
demonstrated their crucial role for a simulatiornet waves.

The general overestimation of heat waves seventyhe 1960s and its contrasting
underestimation in the 1990s is related to undenestd temperature trends in the RCM
simulations. Lorenz and Jacob (2010) showed thastRCMs from the ENSEMBLES
project driven by the ERA-40 reanalysis failed todate the observed temperature trend

properly. This feature was consistent in all doreaiwer Europe.

8.6.2 Reproduction of the 1994 heat wave
Using as an example the most severe Central Eundpeat wave observed between 23
July and 6 August 1994, we demonstrated that tmepeéeature patterns were model-
dependent and differed considerably from obsermatioc most RCMs. Since RCMs driven
by the ERA-40 reanalysis reproduce persistenceedtiver regimes (Sanchez-Gomez et al.
2009) and flow indices (Plavcova and Kysely 20123roCentral Europe relatively well, we
focused on land—atmosphere coupling as a possibvler dor the errors in simulations of this

event.
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The importance of realistically simulating soil-reire conditions in RCMs for the
development of heat waves was emphasized by Fistlar(2007) and Vautard et al. (2013).
We identified a pronounced overestimation of prigaifpn amount during the period of the
1994 heat wave in all RCM simulations that consitigr underestimated the magnitude of
the temperature pattern (4 out of 7), while theutated precipitation was much closer to
reality in the 3 RCMs that captured the 1994 heavenvreasonably well. This is also in
accordance with model simulations performed by daeand Seneviratne (2010), who
concluded that heat waves are strongly affectetthéyotal amount of soil-moisture.

Since Fischer et al. (2007) found no precipitateficit in Central Europe in spring 1994,
we analysed the preceding precipitation amount @oign 1 June to the onset of the July—
August 1994 heat wave. The precipitation deficisypaesent in all examined RCMs, but it
was smaller in each case than that actually obdeamd was not linked to the magnitude of
the temperature pattern of the 1994 heat wave. Singgests that the precipitation deficit
during this heat wave was more important for itvell@oment than was the preceding
precipitation amount. However, the slightly oveirasted early-summer precipitation in all
RCM simulations might also have contributed to gemeral underestimation of the July—

August 1994 heat wave.

8.6.3 ‘Erroneous’ 1967 heat wave in RCM simulations

Analogously to the most severe Central Europeahwaee in 1994, we investigated also
the substantial overestimation of,zk and the ‘erroneous’ heat wave that appeared it ®fo
7 RCMs between 31 July and 4 August 1967. During treriod, all RCMs simulated
considerably lower precipitation amounts compared dbserved data. Although the
precipitation was underestimated by a factor of@@-tie relationship between the magnitude
of temperature pattern and precipitation during thient was weaker than in case of the 1994
heat wave and it was probably not the only majors® of errors.

The analysis of preceding precipitation rates rkgeaa major deficit in
METNOHIRHAM that simulated the most pronounced tenapure pattern over Central
Europe in 1967. This suggests that these errore wamsed by a joint effect of precipitation
underestimation during this event amplified by theeceding precipitation deficit and
associated drying. The importance of dry soilstinidg and/or enhancing heat waves was
reported by several previous studies (e.g. Fisehal. 2007). Errors in the 1994 heat wave

simulations, by contrast, were caused primarilyrimprrect simulation of precipitation during
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this event, while the role of the preceding prdeatpon deficit was relatively small. This is
probably related also to the different lengthshef ¢évents.

8.6.4 Evaporative fraction during the 1967 and 1994 heates

Since the examined RCMs have different thicknesoflayers and a various soil depths,
we analysed soil-moisture conditions in the RCMdirgctly through evaporative fraction
(Section 8.2.3). Although this micrometeorologicaharacteristic is today measured
worldwide within the FLUXNET project (Baldocchi eal. 2001), measurements of
evaporative fraction before the beginning of th& 2éntury were rather sparse. The typical
annual values for evaporative fraction range frof10n very dry areas to 0.8 in quite humid
regions (Jung et al. 2011). According to Hartmah®94), the estimated average value of
evaporative fraction over Europe is 0.6, and Fisebal. (2007) pointed out that the
evaporative fraction was about 0.1 during the ®1876 heat wave over the British Isles.

Hence, the simulated evaporative fraction during 1994 heat wave seems to be
overestimated (average values among the RCMs rémge 0.6 to 0.8). A systematic
overestimation of evapotranspiration, which is elgsrelated to evaporative fraction, was
found by Mueller and Seneviratne (2014) in GCMg] &ns possible that a similar bias is
also present in the examined RCMs.

We found some signs of suspicious relationships/éen precipitation and evaporative
fraction in our study. Although KNMI-RACMO2 simukd virtually no precipitation over
Central Europe during the whole 1994 heat wave etraporative fraction in this RCM was
relatively high. In addition, KNMI-RACMOZ2 underestated precipitation amount in the
period preceding the heat wave, which is incongisteith the high evaporative fraction.
Meijgaard et al. (2008) noted that the RACMO 2 ddiaurface scheme was modified since
the previous model simulated insufficient soil dyi The suspiciously high evaporative
fraction might be related to the persistence o§ tisisue also in the examined KNMI-
RACMO2 simulation. A similar feature was found irEMINOHIRHAM that simulated high
values of evaporative fraction during the ‘error@di967 heat wave (around 0.9, not shown),
despite the fact that this RCM simulated considerpbecipitation deficit in the early summer
and during the heat wave. By contrast, METO-HC_Had low evaporative fraction, despite
relatively high precipitation rates during the 199at wave. The low evaporative fraction
might enable a development of relatively hot candig despite substantially overestimated

precipitation during this event. These results ssgghat realistic reproduction of soil
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moisture is a critical issue in the RCMs, and thiparticularly relevant for heat waves and
the credibility of their scenarios in a possiblaufe climate.

8.6.5 Performance of individual RCMs

The main features of the individual RCMs with regpt® the simulation of spatial and
temporal heat wave characteristics over Centrabg@ican be summarized as follows:

C4IRCAS simulated the average temperature ampliarde spatial extent of heat waves
well. By contrast, the 1994 heat wave was poorpraduced, interannual variability of heat
waves was distorted and the total heat wave extyendex was slightly underestimated.

ETHZ-CLM simulated temperature amplitude and spatigtent of the heat waves
reasonably well. The 1994 heat wave was also caghtitBome insufficiencies were found in
the simulated interannual variability of heat wavasd the total heat wave extremity index
was overestimated.

KNMI-RACMO?2 best reproduced the interannual vatigpiand its simulation of the
1994 heat wave was relatively good too. By contrdés RCM substantially overestimated
the spatial extent and total extremity index oftheaves, which is probably related to large
underestimation of precipitation during heat waves.

METNOHIRHAM best reproduced the 1994 heat wave grgimulated relatively well
the average length of heat waves. However, this RONered most from ‘erroneous’ severe
heat waves in 1967 and 1996 when no heat waves oleerved. Similarly to KNMI-
RACMO2, the spatial extent and total extremity xdef heat waves were substantially
overestimated.

METO-HC_Had had difficulties in reproducing the ch@eristics and the interannual
variability of heat waves. The largest drawbackseWeund in temperature amplitude, which
was simulated unrealistically due to isolated had goints.

MPI-M-REMO simulated the spatial extent and totatremity index of heat waves
relatively well. By contrast, the average length béat waves was considerably
underestimated, the 1994 heat wave was not propegyoduced and the interannual
variability of heat waves was distorted.

SMHIRCA substantially underestimated temperaturgldaute, spatial extent and total
extremity index of heat waves. The reproductiorthef 1994 heat wave was poor and the

interannual variability of heat waves was simulateifficiently.
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Although there is no single RCM that outperformisens as to the simulation of all heat
wave characteristics over Central Europe, ETHZ-Chbtformed relatively well in most
characteristics. Previous studies (Christenseh 2040; Holtanova et al. 2012) indicated that
KNMI-RACMO2 performed best among RCMs from the EMEHES project. The
drawbacks of KNMI-RACMO2 found in our study suggestportant limitations in
reproducing temporal and spatial structure of di@itgperatures also in this RCM. The RCMs
with the worst simulation of heat waves over Cdrifarope in the examined ensemble were
probably METO-HC_Had and SMHIRCA.

8.7 Conclusions

We investigated the ability of RCMs to reproduceatid and temporal characteristics of
heat waves over Central Europe, using the enseofbfeRCM simulations driven by the
ERA-40 reanalysis over the 1961-2000 period. Wieetl the E-OBS 9.0 gridded dataset as
a source of observed data. Since soil-moisturebfsddenhances temperature amplitude and
prolongs duration of heat waves, we also focusethond—atmosphere coupling in the RCM
simulations during the most severe Central Europest wave in 1994 as well as during an
‘erroneous’ heat wave found in the RCM simulatioms967. The main conclusions are as

follows:

e The RCMs simulated more heat waves despite thethattthe number of hot days is
almost the same as in the observed data. The ¢weation of the clustering tendency
of hot days is probably related to enhanced tenm@art@correlation of summeryk
particularly for lags of 2 days and more.

* On average, heat waves tended to be shorter bataMioo-pronounced temperature
peak in most RCMs. The spatial extent and heat wexteemity index were
reproduced reasonably well in the ensemble meémywadh considerable differences
were found among individual RCMs.

e Substantial variations in precipitation rates dgrimeat waves in the RCMs were
found, and they were related to the total extremitiex of heat waves.

* We found major differences among the RCMs whenodyeing interannual and
interdecadal variability of heat waves and hot days general, the RCMs
overestimated the severity of heat waves and thaeu of hot days in the 1960s and
underestimated both during the extreme 1992 and $@mers.
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* Focusing on the ability of the RCMs to reproduce fiost severe 1994 heat wave, we
found considerable differences between observatmasthe RCMs that were linked
to the simulated precipitation during this eventlyCthose RCMs that reproduced the
precipitation deficit captured the 1994 heat was@sonably well, while the heat wave
was weak or entirely missing in all RCMs that sahstlly overestimated
precipitation during this period.

* Analogously, unrealistically overestimated tempamatanomalies in 1967 in all
RCMs were related to unrealistic precipitation diédi simulated during the heat wave
as well as in the preceding early-summer period.

e« The evaporative fraction was suspiciously highhe RCMs during the 1994 heat
wave. This suggests a possible contribution of rothetors such as cloud cover and
associated downward radiation that might strondigca heat wave development in
the RCMs. Moreover, the Ilink between simulated evagve fraction and
precipitation was poorly expressed, indicating deficies in land surface schemes
among the RCMs.

* Although there is no single RCM that outperformbBens as to the simulation of all
heat wave characteristics over Central Europe, EOHKI performed relatively well
in most characteristics. By contrast, METO-HC_Had &MHIRCA were probably
the least performing RCMs in the examined ensemabléo the simulation of heat

waves over Central Europe.

Regional climate models have become a powerful fmolexploring impacts of global
climate change on a regional scale. Further workeisded to determine the relationships
between extreme high temperature, atmosphericlatron, soil-moisture conditions, cloud
cover and associated incoming shortwave radiatioRCM simulations. Evaluating these
driving processes before and during simulated haates can provide a better attribution of
errors in reproducing such extreme events. It igartant to better understand the strengths
and weaknesses of RCMs also for assessing thebiitgdof projected regional changes of
heat waves in future climate and, ultimately, faproving the RCMs.
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Abstract: The study examines climate change scenarios dr&dturopean heat waves with
a focus on related uncertainties in a large ensernoblregional climate model (RCM)
simulations from the EURO-CORDEX and ENSEMBLES pob$. Historical runs (1970-
1999) driven by global climate models (GCMs) araleated against the E-OBS gridded data
set in the first step. Although the RCMs are fotmdeproduce the frequency of heat waves
quite well, those RCMs with the coarser grid (2% &0 km) considerably overestimate the
frequency of severe heat waves. This deficienay@oved in higher-resolution (12.5 km)
EURO-CORDEX RCMs. In the near future (2020-204®athwaves are projected to be
nearly twice as frequent in comparison to the medehistorical period, and the increase is
even larger for severe heat waves. Uncertaintyiraigs mainly from the selection of RCMs
and GCMs because the increase is similar for aitentration scenarios. For the late'21
century (2070-2099), a substantial increase in hemate frequencies is projected, the
magnitude of which depends mainly upon concentnasicenario. Three to four heat waves
per summer are projected in this period (comparddds than one in the recent climate) and
severe heat waves are likely to become a regulangrhenon. This increment is primarily
driven by a positive shift of temperature distribnt but changes in its scale and enhanced
temporal autocorrelation of temperature also cbuate to the projected increase in heat wave
frequencies.

Keywords: heat waves; climate change; regional climate nspd&DRDEX; Central Europe

9.1 Introduction

Heat waves are one of the main concerns in reldatidhe ongoing climate change. The
severity of heat waves has increased across Eurapg#ons in the recent decades (Della-
Marta et al. 2007; Kysely 2010; Valerianova et28115). The most notable events occurred in
2003 over Western Europe (Fink et al. 2004) and0h0 over Eastern Europe and Russia
(Schneidereit et al. 2012). Recently, Central Earoms affected by several extraordinary
heat waves in summer 2015, during which the highiesorically recorded daily maximum
temperature (fax 40.3°C) was measured in Germany (DWD 2015). @&nEurope

experienced extremely hot weather conditions alssummer 2013, which ranked as the fifth
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warmest since 1951 at the continental scale, ardht#tat wave severity broke historical

records at several stations with long-term measen¢rfLhotka and Kysely 2015b). In 2013,

the highest historically recordedhd (40.5°C) was reached in Austria (ZAMG 2013) anel th

highest temperature for the Czech Republic (40.47&) observed one year earlier, in August
2012 (Holtanova et al. 2015). It is estimated ttiat probability of severe heat waves has
increased by a factor of 2—4 due to climate chaf@mumou and Rahmstorf 2012), and

Fischer and Knutti (2015) concluded that about %ot extremes over land in the past six
decades are attributable to the observed warming.

Heat waves cause excess illness and mortalitye$oss agricultural production, forest
fires, increased energy demand for cooling, anérotblated hazards (Beniston et al. 2007),
and there is growing evidence that the Europeaicwdtyral sector will need to adopt suitable
adaptation strategies in relation to more frequnat stress (Iglesias et al. 2012). The 2003
heat waves caused 70,000 excess deaths in Eurapdy nm the elderly population (Robine
et al. 2008), and the 2010 heat wave in Russiaasgasciated with a death toll of 55,000
(Barriopedro et al. 2011). Bastos et al. (2014)wsdtb that both events led to a marked
decrease of plant productivity. In addition, numueravildfires that occurred in 2010 caused
continuous episodes of extreme air pollution inesalRussian cities (Konovalov et al. 2011).

In general, heat waves are expected to become frempgent, more intense, and longer
lasting in a future climate (Meehl and Tebaldi 200d4u and Nath 2014; Lemonsu et al.
2014). More specifically, based on ENSEMBLES regiarliimate models (RCMs) driven by
global climate models (GCMs) forced by the SRES AtBnario, Fischer and Schéar (2010)
showed that the occurrence of heat waves is pegject increase substantially by the end of
the 2£' century in most European regions and their peaipézature may be enhanced by
approximately 5°C. These changes are usually regpdd be driven rather by higher mean
temperature than by larger temperature variabi(Ballester et al. 2010). There is
nevertheless a considerable spread among individiraate models, causing substantial
uncertainties in future projections.

The evaluation of uncertainties is fundamental doy application (Déqué et al. 2012)
and presents a key challenge for adaptation plgniimcertainties in climate projections
originate from three main sources: the choice ofssimn/concentration scenario, internal
variability of climate, and model uncertainties {ik@ns and Sutton 2009). Concentration
scenarios represent possible ways of human scgielgielopment that alter a radiative

forcing on climate (Moss et al. 2010), mainly thgbua modification of atmospheric

98



chemistry and land-cover changes. In the extrateppihe uncertainty based on internal
climate variability is mainly associated with atrpbsric dynamics, dominated at the
hemispheric scale by annular modes (Deser et &R)28uch as the North Atlantic Oscillation

(Hurrel and Deser 2010). The model uncertaintyearisom the nature of model design, as
different RCMs exhibit various internal behavioundatheir simulations are driven by

different GCMs.

Identifying typical features of individual modelslated to heat waves in the historical
climate is crucial for credible interpretation dfetr projections. Kjellstrom et al. (2007)
demonstrated that RCMs tend to underestimate higineer temperatures over Scandinavia
and the British Isles, while an overestimation wasind over Eastern Europe, the
Mediterranean, and the Iberian Peninsula. In Cerftaope, a negative bias of daily
maximum temperature is often reported (Nikulinle@11; Plavcova and Kysely 2011), but
Kjellstrom et al. (2010) showed that this bias ree of the smallest across the European
domain. Reproduction of heat waves neverthelessiresynot only a good simulation of the
right tail of a temperature distribution but alsotloe persistence of high temperatures. The
capability of RCMs to simulate heat waves over [paravas evaluated by Vautard et al.
(2013), who found that biases in modelled tempeeatofluenced characteristics of heat
waves that were too persistent and severe. A difteapproach to defining heat waves was
adopted by Lhotka and Kysely (2015c), who took iat@ount their temperature magnitude,
length, and spatial extent. Simulated heat wave® ween shorter but more frequent, and
their peak temperatures were substantially ovenaséd.

Previous studies on climate change scenarios hate emaluated in detail the
aforementioned uncertainties when analyzing heaewn a future climate. The focus of the
present study is on uncertainties connected welttoice of emission/concentration scenario
(RCP 4.5, RCP 8.5, and SRES A1B), model resolyti@mb, 25, and 50 km), and the climate
model (31 RCM x GCM combinations). The changes amckrtainties are assessed for the
near future (202€2049) and the late #century (20762099). An evaluation of the RCMs is
performed against the E-OBS gridded data set dnet®70-1999 historical period. Since the
study involves a large ensemble of RCMs with vagicharacteristics, this approach allows

analysing magnitude of projected changes with r@dpethe related uncertainties.
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9.2 Data and methods

9.2.1 Area of interest and observed data

Heat waves are analysed over Central Europe tretuigted approximately between 47—
53°N and 8-22°E (Figure 9.1). The area contain604(80 x 52), 1,040 (40 x 26), or 260 (20
x 13) grid points, depending on horizontal gridspa of a particular data (12.5, 25 or 50
km, respectively). This region’s location is desdrfor the most common rotated pole grid
and is identical for observed data and all 3 hariabgrid spacings of the RCMs. The E-OBS
11.0 gridded data set (0.22 rotated grid, Haylotkale 2008) is used as a source of
observations. This data set covers whole contihé&ueope over the 1950-2014 period, but
the evaluation of model simulations is performedrdyuthe shorter 1970-1999 period due to
the limited time span of modelled data.

0° 10°E 20°E 30°E :" """ Central Europe

Temperature [°C]:
<20.0
20.1-225

22.6-25.0

251-27.5

27.6-30.0

30.1-32.5

>32.5

0 500 1000km
[ —

Figure 9.1. Definition of Central Europe (black ldes polygon) and the $0percentile of
summer daily maximum temperature calculated forlig0-1999 period (colour shading) in
the E-OBS 11.0 gridded data set.
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9.2.2 Climate model simulations

Modelled data are taken from the EURO-CORDEX (Jaztadd. 2014) and ENSEMBLES
(van der Linden and Mitchell 2009) projects. WhilE2JRO-CORDEX provides RCM
simulations in 50 km and 12.5 km resolutions drivgnRCP scenarios (van Vuuren et al.
2011), the ENSEMBLES project is valuable in thgiribvides RCMs in the 25 km resolution
forced by the SRES A1B scenario (Arnell et al. 200ddividual RCMs had been subjected
to various upgrades during the time period betwbenrENSEMBLES project phase and the
EURO-CORDEX simulations. The EURO-CORDEX modelsestigated in this study had
improved their respective sets of physical paranzstons while keeping their basic
principles from the ENSEMBLES stage. Another natathange is the use of more recent
surface properties data sets and improved reseatiniques, for example in RCA4
(Strandberg et al. 2014) and CLM (Davin et al. 20The majority of the model simulations
are available up to the end of the2&ntury (Table 9.1), and all simulations have labéé
their historical runs (19#1999) driven by the same GCM.

Table 9.1. Number of model simulations from the EMRORDEX and ENSEMBLES
projects for the near future and the lat& 2&ntury. Decimal numbers represent the horizontal

grid spacing, “RCP” or “SRES” denote the concemtrascenario.

2020-2049 20762099
CORDEX -0.11-RCP 4.5 10 10
CORDEX -0.11-RCP 85 10 10
CORDEX -0.44 - RCP 4.5 13 13
CORDEX -0.44 - RCP 8.5 13 13
ENSEMBLES - 0.22 - SRES A1B 16 13
Total 62 59

Individual model simulations from the EURO-CORDEXoject are listed in Table 9.2.
These models have 0.11° (12.5 km) or 0.44° (50 kamjizontal grid spacing and are forced
by the RCP 4.5 or RCP 8.5 scenarios. The RCP 4basio represents stabilization of
concentrations without overshooting effective réideforcing (ERF) of 4.5 W/frelative to
pre-industrial values (~650 ppm CO2 equivalent).isTis achieved by implementing
mitigation policies (Thomson et al. 2011). The k&RF is 2.3 W/rin year 2020, 3.4 W/Mm
in 2050, 3.8 W/rhin 2070, and 3.9 W/frin 2100 (Prather et al. 2013). By contrast, thePRC
8.5 scenario represents a long-term large energwyadé without implementation of

mitigation policies, thus leading to high greenf®gss emissions (Riahi et al. 2011). This
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scenario is presumed to reach ERF of 8.5 11370 ppm CO2 equivalent) and the total
anthropogenic ERF is 2.3 W#in year 2020, 4.4 W/fin 2050, 5.9 W/rin 2070, and 8.0
W/m? in 2100 (Prather et al. 2013). It should be memibthat the CORDEX ensemble may
be unbalanced due to the majority of RCA4 RCM satiahs (especially in the 0.44° grid),
which has to be taken into account when interpgetie model outputs.

Table 9.2. RCM x GCM matrix for the EURO-CORDEX jaat. “g12” (“g50”) denotes
simulations available only in the 12.5 (50) km gaitd “G” denotes simulations available in

both grids. All simulations are forced by both REB and RCP 8.5 scenarios.

CCCma CNRM CSIRO HadGEM ICHEC IPSL MIROC MPI NCC NOAA

CLM-CCLM gl2 gl12 G

DMI-HIRHAM G

KNMI-RACMO G

SMHI-RCA4 g50 G g50 G G G g50 G 50 g50

The ENSEMBLES project contains 16 simulations il rotated grid and the 0.22°
(25 km) horizontal grid spacing (Table 9.3). Thesaulations are forced by the SRES Al1B
concentration scenario that represents rapid ecengrowth with increasing globalisation,
fast technological change, and low population iasee (Arnell et al. 2004). The total
anthropogenic ERF is 2.2 Win year 2020, 4.2 W/fin 2050, 5.3 W/min 2070, and 6.0
W/m? in 2100 (Prather et al. 2013).

Table 9.3. RCM x GCM matrix for the ENSEMBLES prmje“X” denotes simulations
covering the whole 1970-2099 period while “I” repeats the limited 1970-2050 period.
Hadley Centre (HC) models are considered as thmdevidual simulations, due to their

different climatic responses to radiative forcing.

ARPEGE BCM CGCM3 ECHAM5 HadCM3QO0 HadCM3Q3 HadCM3Q16 IPSL
C4l-RCA3 X
DMI-HIRHAM X X X
ETHZ-CLM X
GKSS-CLM
HC-HadRM3QO0 X
HC-HadRM3Q3 X
HC-HadRM3Q16 X
KNMI-RACMO X
MPI-REMO X
NO-HIRHAM |
SMHI-RCA3 X X X
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In some studies, a relatively large numbers of gapRCM x GCM matrices were
completed using statistical methods for data retcocison. Nevertheless, Heinrich et al.
(2014) showed that seasonal mean climate changeedENSEMBLES RCM projections is
not significantly biased due to the lack of drivi@CMs. This technique is therefore not

employed in the present study, and we analysetbrlavailable simulations.

9.2.3 Definition of heat wave

Heat waves are defined with respect to their teatpeg magnitude, length, and spatial
extent. First, all data are recalculated to the40.460 km) grid through averaging 4 (16)
respective grid cells when transforming the origi2a km (12.5 km) grid. Inasmuch as a
sensitivity study had shown the occurrence of hemtes to be identical in selected 0.22°
(25 km) data sets and in their recalculated 0.44Siens, we found this approach useful for
direct comparison of heat wave characteristics aralhdata sets involved. An analogous
procedure was applied by Kotlarski et al. (2014)ewhcomparing the performance of
CORDEX and ENSEMBLES models driven by reanalyses. Mite that some heat wave
characteristics (e.g. temperature amplitude) catweotlirectly compared between different
resolutions, and this approach also overcomes ghigei with the missing observed 0.11°
(12.5 km) grid data for the evaluation of histolieas.

The definition of heat waves is based on the oecuwe of hot days over Central Europe
and is similar to that proposed in Lhotka and Kys@015a). A hot day occurs when the
average of T deviations from the 9bpercentile of their summer distribution is pogtiv
over Central Europe (calculated in the 19¥®99 period). The percentiles are calculated
individually for observed data and each model satioh in order to remove andx bias. This
approach is suitable when focusing rather on belhawf the right tail of the J,x distribution
and the spatial and temporal structure of dailyperatures (which are essential for heat
waves) than on thepkx bias itself. The use of the respective percentias already been
employed in previous studies (Ballester et al. 2(Hi6cher and Schar 2010; Vautard et al.
2013). In future time slices, the calculated petites1from the historical period are kept. A
heat wave is defined by at least three consecthtvelays. Therefore, a heat wave is regarded

as a several days long period with high temperataver large Central European areas.
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9.2.4 Heat wave characteristics

Four characteristics of a heat wave are calculatethat each event is described by (i)
temperature amplitude, (ii) length, (iii) spatiadtent, and (iv) extremity index. Temperature
amplitude is the highest dailyI excess above the B(percentile of the summeryI
distribution during a heat wave (at any grid pamtCentral Europe) and represents the
temperature anomaly of its peak. Length is the remadb consecutive hot days that form a
heat wave (minimum of 3 hot days). Spatial extentepresented by an area whergxT
deviations above the 8ercentile of summer Tmax distribution are positfor at least 3
successive days, and it is given as a ratio (1 &séhat whole Central Europe is affected by
a heat wave). The extremity index is adopted frdmtka and Kysely (2015a) and is defined
as a sum of positive i« deviations in all Central European grid pointsidgira heat wave,
scaled by the total number of (recalculated) gooh{s over Central Europe (260). This index
captures joint effects of temperature, length, sypatial extent of heat waves. An example of
the heat wave definition and calculation of itsrelegeristics is given in Figure 9.2.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
110 3|5 23 2| 4 1] 4 2| 2
-2 |-3 2|2 110 11 2|3 -2 | -4

—--10 —->+30 —-+156 —>+15 —>+20 - -15
| ]

Heat wave
Temperature amplitude = 5°C Length = 4 days
o 7 |16
Spatial extent = =0.5 Extremity index = E = 34/4 = 8.5°C
0(0

Figure 9.2. Theoretical example of the heat waviniien and calculation of heat wave
characteristics over a hypothetical area repreddmyed grid points. Positive (red), negative
(blue), and zero (black) deviations from thé"ggercentile of summer ;L distribution are

shown.
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9.2.5 Temporal autocorrelation and statistical testing

Analogously to Lhotka and Kysely (2015c), persistenf Tnh.x over Central Europe is
analysed by temporal autocorrelation computed assBe product moment coefficients for
lagged data pairs. For each day in summegg, Values across 260 grid points over Central
Europe are averaged into a regionally averagggd, Tvhich is used to compute correlation
coefficients. Since the summernyk series is not continuous, we calculated correfatio
coefficients individually for each summer and agech them thereafter. Statistical
significance of changes in temporal autocorrelaisoassessed using the two-sided Wilcoxon
rank sum test. This non-parametric test is chogseause the criterion of data normality is not

always met.

9.3 Observed heat waves and evaluation of historical R@ simulations

Because the study includes evaluating performah¢beoRCMSs’ historical simulations,
observed heat wave characteristics are analys&d i the E-OBS data, 22 heat waves are
found in the 19761999 period (7.3 heat waves per decade). Their ¢estyre amplitude
ranges from 4.1 to 9.8°C, the length varies frooa@s (by definition) to 16 days, the spatial
extent ranges from 0.24 to 1, and the extremityexndaries from 2.5 to 51.4°C. Median
values of heat wave characteristics are 5.7°C (¢eatpre amplitude), 4 days (length), 0.64
(spatial extent), and 7.4°C (extremity index, F&0r3). Hereafter, a heat wave is considered
“severe” when all its characteristics are equalrtexceed these median values.

Only 5 of the 22 heat waves (in 1971, 1974, 19P82] and 1994) meet this severe heat
wave criterion (1.7 severe heat waves per decddhe) heat wave of 1994 is exceptional due
to its length (16 days) and a very high extrenmigex. This long-lasting event affected whole
Central Europe, but its temperature amplitude it exdremely pronounced (Figure 9.3).
Larger-scale temperature patterns associated aith severe heat wave are shown in Figure
9.4.
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Figure 9.3. Histograms of heat wave characterigtesiperature amplitude, length, spatial
extent, extremity index) for observed heat waveshim 19761999 period. Green vertical
lines represent median values and red verticas lindicate values for the extraordinary 1994

heat wave.
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Evaluation of simulated frequencies of heat waves severe heat waves is performed
individually for (i) EURO-CORDEX RCMs with the 0.13rid, (i) EURO-CORDEX RCMs
with the 0.44° grid, and (iii) ENSEMBLES RCMs withe 0.22° km grid. These groups are
hereafter referred to as COR11, COR44, and ENS@&ectively. In all three groups,
frequencies of ‘all’ heat waves are reproduced icenably better compared to severe heat
waves. Although a large variance is present in EN8#% observed frequency of heat waves
(7.3/decade) fits into the simulated interquantéiage (IQR). The IQR in COR11 and COR44
is beyond the observed frequency, but the variameenaller and no substantial outliers are
present in COR11. For severe heat waves, a larg@stmation of their frequencies is found,
which is mainly linked to substantial overestimatmf median temperature amplitude in the
RCMs. Although the observed frequency of severe Wweaes (1.7/decade) is located in the
lower quartile in all three RCM groups (Figure 9tha), the higher-resolution COR11
performed best, because the RCMs in this grou@lalesto capture median spatial extent of
heat waves reasonably well. On the other handyantevith equal or higher characteristics
compared to the exceptional heat wave that occumré894 (temperature amplitude = 8.5°C,
length = 16 days, spatial extent = 1.0, extremrmtdex = 51.4°C) was found only in 3 of the 39
model simulations for the historical period.

Changes in temporal autocorrelation of regionalyeraged Tax (hereafter simply
referred as autocorrelation) are assessed for fama 1 to 10 days. In E-OBS, the
autocorrelation for lag 1 is 0.85 and then it dases exponentially to 0.06 for lag 10. COR11
and COR44 (historical simulations) significantlydemnestimate the autocorrelation for the
first two lags (Table 9.4). This underestimation particularly pronounced and highly
significant for the lag of 1 day (at the 1% sigrefince level). By contrast, the autocorrelation
was overestimated from lag 5 compared to E-OBS, these changes are found to be
insignificant. In ENS22, the autocorrelation isrsfggantly enhanced for lags 4-9, while the
underestimation for lag 1 is small and insignific@rable 9.4).

In order to investigate an effect of model resoluton the simulation of heat wave and
severe heat wave frequencies, eight models fronC@RDEX project which are available in
both grids (Table 9.2) were selected (Figure 9)5dl&ée overall patterns of probability
density functions (PDFs) are similar to those imufe 9.5a,b, which means that the
differences between COR11 and COR44 are relatddfeszent model resolutions rather than

different composition of ensembles in these groups.
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Figure 9.5. Probability density functions (PDFs) ledat waves (orange) and severe heat
waves (red) frequencies for (A) COR11, (B) COR4# &) ENS22. CORDEX models that
are available in both grids (which allows for a feomparison) are shown in (D) — 0.11° grid
and (E) — 0.44° grid. Solid vertical lines represtre frequency in E-OBS while dashed

vertical lines delimit the interquartile rangesnoddel historical simulations.

Table 9.4. Temporal autocorrelation of summer daagximum temperature for the historical
period (19761999). L1L10 represents lags from 1 to 10 days, bold (boldeulined) values

are significantly different from E-OBS at the 5%4)Lsignificance level.

L1 L2 L3 L4 LS L6 L7 L8 L9 L10
E-OBS 0.85 0.61 0.42 0.30 0.22 0.17 0.14 0.11 0.08 0.06
COR11 0.79 0.53 0.38 0.30 0.24 0.19 0.16 0.13 0.11 0.09
COR44 0.80 0.53 0.38 0.29 0.23 0.18 0.15 0.13 0.10 0.08
ENS22 0.83 0.61 0.46 0.37 0.31 0.26 0.21 0.18 0.15 0.11
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9.4 Heat wave scenarios and uncertainties for near fute and late 2£' century

In the near future time slice (2028049), both heat waves and severe heat waves are

projected to become more frequent in comparisonth®® modelled historical climate

(1970-1999). Relatively large uncertainty was found, mash as the IQRs for frequencies

of these events are considerably widened comparéuakthistorical simulations. The largest

increment of the heat wave frequency is presenfE@RDEX groups forced by the ‘low

concentration” RCP 4.5 scenario, however,

it shobéd noted that differences among

scenarios are small in this period. There is naratlependence on model resolution, because

in both COR11 and COR44 groups heat waves and esdneat waves are projected to be
more enhanced under RCP 4.5 (Figure 9.6).
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Figure 9.6. Probability density functions (PDFs) ledat waves (orange) and severe heat
waves (red) frequencies for (A, B) COR11 and CORxded by the RCP 4.5 scenario, (C)
ENS22 forced by the SRES A1B scenario and (D, ERCDand COR44 forced by the RCP

8.5 scenario. Solid vertical lines delimit the noeartile ranges of model simulations for the

near future while dashed vertical lines represeatimterquartile ranges of model simulations

for the historical runs.
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The frequency of heat waves is projected to belydatice higher compared to the
modelled historical period. The largest increasdoimnd for COR44 forced by RCP 4.5,
which relates to the largest change in the scalth®fT,.x distribution and also enhanced
temporal autocorrelation (Table 9.5). Although therease in median i is comparable
across all model groups, the location of th& @@rcentile is particularly shifted in COR44
forced by RCP 4.5. The lowest increment of the hgave frequency was present in
ENSEMBLES simulations, which corresponds with gatgmegative changes in temporal
autocorrelation of Jax and only a small positive change of the scale mpatar. A link
between the increment of heat waves and changeéemporal autocorrelation is poorly
expressed in this period, compared to the shifb@©d" percentile (Figure 9.7).

Table 9.5. Projected changes in shift and scalsushmer daily maximum temperature
distributions and temporal autocorrelation for tiear future (20262049) compared to their
respective historical runs. MED (P90) representmgls in median and the™percentile of
summer daily maximum temperature (°C) over Ceriftabpe. L1-L10 represents lags from
1 to 10 days, bold values are significant at the &nificance level. ‘%’ represents

percentage of the $(ercentile increase that is explained by the stifhedian.

MED P90 % L1 L2 L3 L4 LS L6 L7 L8 L9 L10

COR11-RCP 4.5 +1.1+1.5 73 +0.01 +0.02 +0.02 +0.02 +0.02 +0.03 +0.03 +0.03 +0.02 +0.02
COR44 -RCP 4.5 +1.3+1.9 68 +0.06 +0.04 +0.04 +0.04 +0.04 +0.04 +0.04 +0.04 +0.04 +0.03
COR11-RCP 8.5 +1.2+1.5 80 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.02 +0.02 +0.02 +0.02
COR44 - RCP 8.5 +1.3+1.7 76 +0.05 +0.03 +0.02 +0.02 +0.03 +0.02 +0.02 +0.02 +0.03 +0.03
ENS22 — SRES Al1B +1.3+1.4 93 0.00 -0.01 -0.01 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 0.00

In general, severe heat waves are expected to be embanced than heat waves (by a
factor of 2-3 compared to historical simulationsyl dheir frequency is projected to become
comparable to the frequency of all heat waves & 1970-1999 period. It should be
emphasized, however, that the model simulationsiderably overestimated the severe heat
wave frequencies in the recent climate, and thigspitojection might be biased. Analogously
to the historical period, the frequency of excempdioevents with magnitude equal to or higher
than the 1994 heat wave is analysed. In the 304yeaod 20262049, 29 of the 62 model
simulations project at least one such event, aR€CH simulations project this type of event
to occur at least once per decade. These exceblieabwaves are found in all model groups
and they are not linked to specific concentratioensirios. Despite the substantial increment
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of these events compared to the historical simariati they are still rather rare in the near

future projections.
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Figure 9.7.Relationships between (A) changes il"9ercentile and heat waves frequency
and (B) changes in temporal autocorrelation andt wemves frequency in near future
(2020-2049). Green colour represent simulations using ltdve-concentration RCP 4.5

scenario, orange colodepicts mid-concentration SRES A1B and red colepresents high-

concentration RCP 8.5. Standard triangles illustsamulations with 12.5 km grid, squares
represents 25 km grid and inverse triangles depi@tkm grid. Linear regression lines with

95% confidence interval are fitted.

Changes of heat wave and severe heat wave freg@seace clearly linked to the
concentration scenarios in the late'2&ntury time slice (20#2099). The largest increases
of these events are found in COR11 and COR44 dipyeRCP 8.5. In these groups, the
frequency of heat waves is projected to be enhabged factor of 4-5 compared to the
historical simulations, indicating 3—4 heat waves pear on average at the end of th& 21
century. By contrast, the increase in the heat waairrence is roughly halved under the
RCP 4.5 scenario (about two heat waves per yeaverage). ENS22, with the SRES Al1B
scenario, projects an increase between the two B@Rarios, which is in line with the
average effective radiative forcing for 2070-2088y¢re 9.8). The largest increment under
RCP 8.5 is related to a large shift of thg,ddistribution and positive significant changes in
temporal autocorrelation of ik (Table 9.6). A relationship between the incremeinheat
waves and changes in temporal autocorrelationgistelr in this period compared to near
future, but changes in frequency of heat wavesraaly driven by temperature increase and

increase in temporal autocorrelation has only arsgary effect (Figure 9.9).
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Figure 9.8. Same as Figure 9.6, but for the latec2htury. Note the different scale of the x-

axis.

Table 9.6. Same as Table 2, but for the lat& @ntury. The bold underlined values are

significant at the 1% significance level.

MED P90 % L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

COR11-RCP 4.5 +1.9 +2.3 83 +0.01 +0.02 +0.03 +0.03 +0.03 +0.04 +0.03 +0.03 +0.03 +0.03
COR44 -RCP 4.5 +2.1+2.7 78 +0.06 +0.04 +0.03 +0.03 +0.04 +0.03 +0.03 +0.03 +0.04 +0.04
COR11-RCP 8.5 +3.8 +4.6 83 +0.02 +0.03 +0.03 +0.04 +0.04 +0.04 +0.04 +0.03 +0.03 +0.02
COR44 - RCP 8.5 +4.2 +5.6 75 +0.07 +0.05 +0.05 +0.05 +0.06 +0.05 +0.05 +0.05 +0.06 +0.05
ENS22 - SRES A1B +3.5 +4.0 88 0.00 -0.01 -001 0.00 0.00 -0.01 -0.01 0.00 0.010 0.03

A similar pattern is found also when assessing ¢hanges in severe heat wave
frequencies. Under RCP 8.5, the frequency of selveat waves is projected to be enhanced
by a factor of 6—7 compared to the modelled histdrperiod, which corresponds to more
than two events per year. The severe heat wavge@jected to occur regularly (at least once
per year on average) also in the other scenariegeitheless, a possible bias resulting from
the overestimated severe heat wave frequenciefianhistorical simulations should be
considered. For 2070-2099, an event with equalghren magnitude than the observed 1994
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heat wave is projected in a large majority (50 8f 6f model simulations. Moreover, in 30
model simulations such an event occurs at least pec decade, indicating a considerable
increase compared to the near future. Alongside siestantial increase of heat wave
frequencies, considerable uncertainties represdntedide IQRs and flat PDFs (Figure 9.8)
must be taken into account. The width of the IQRsraased roughly by a factor of 2
compared to the near future, thus indicating aelargriance among the individual model

simulations.
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Figure 9.9.Same as Online Resource 1, but for the lafec2htury. Note different scales of
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9.5 Discussion

9.5.1 Observed heat waves and selection of severe events

In the observed (E-OBS) data, 5 of 22 heat wavesragarded as ‘severe’ and may
represent a type of events having particularly pumted impacts on society and ecosystems.
The 1994 heat wave is found to be the most distieaturing the 1970-1999 period, and it
was associated with large excess mortality in thec@ Republic (Kysely and Huth 2004),
Poland (Kuchcik 2001) and other Central Europeamti@s. Lhotka and Kysely (2015a)
ranked this heat wave as the most severe in Cdfuralpe over the whole 1950-2012 period.
In addition to Central Europe, this event was exttmary also in Western Ukraine
(Shevchenko et al. 2014) where it was more pronedirtban the well-known 2010 heat
wave. Extreme weather conditions during the sunwh&094 were also present over Western
Europe (Della-Marta et al. 2007). The 1976 heatevaas especially pronounced in Western
Europe (Tomczyk and Bednorz 2016), and the othreetkevere heat waves (1971, 1974, and
1992) are well recognized in the Central Europeaies of summer temperature (e.g. Kysely
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2002). The 1983 heat wave, which is characterizeth® highest temperature amplitude, was
not classified as ‘severe’ in our study due teiktert length (3 days).

9.5.2 Historical simulations of heat waves

In the historical period, differences related te tmodel resolution are found. EURO-
CORDEX models with the coarser 50 km grid subs#digtioverestimated the frequency of
severe heat waves, while this behaviour was imgtovben using their higher-resolution
versions. This is in accordance with Vautard et(2013), who showed that the number of
heat waves persisting more than a few days is strerated in the EURO-CORDEX models
but this feature is improved using the 12.5 km erof the RCMs. Vautard et al. (2013)
supposed this characteristic to be linked to theuktion of precipitation, but this aspect was
not analysed in their study. A possible mechanisay be related to a better representation of
orography in COR11, which is important for propandtion of convective schemes in the
relatively complex terrain of Central Europe. Snineat elevation in the coarser (50 km) grid
in COR44 provides less occasions for orographicveciion (Im et al. 2009) and may
contribute to more frequent precipitation defidit@t amplify a heat wave’s severity (e.g.
Fischer et al. 2007). In addition, RCMs with theaxser grid have lower proportion of
resolved precipitation compared to higher-resolutimodels (Rauscher et al. 2009) and thus
more precipitable water is processed through thenvective scheme and they are more
prone to errors originating from these sub-gridcesses.

Links between the magnitude of heat waves and gitation in RCMs were studied by
Lhotka and Kysely (2015c). In general, models thagrestimate total magnitude of heat
waves exhibit drier conditions during these eveaisipared to observed data and vice versa.
An analogous mechanism might be present in ourysindsmuch as Kotlarski et al. (2014)
demonstrated that a majority of EURO-CORDEX modeith the 50 km grid exhibit drier
summer conditions compared to their higher-resotutiersions. Another possible mechanism
contributing to the overestimated frequency of sevieeat waves relates to atmospheric
circulation. Plavcova and Kysely (2016) concludé@ttoverly persistent circulation in
ENSEMBLES RCMs (driven by reanalysis) contributesthie overestimated frequency of
long heat waves. The pronounced persistence aflatron patterns might be present also in
our study, because the overestimated temporal @uébdation of T« for lags of 5 days and

longer was found in all model groups.
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Although the historical simulations overestimatéeé frequency of severe heat waves,
only few simulated such a severe event as occumrel®94. Lhotka and Kysely (2015c)
showed that ENSEMBLES RCMs, driven by perfect baugaonditions, have difficulties to
reproduce the 1994 heat wave, mainly due to ursteaimulation of precipitation. Although
this issue might have influenced our study, it évertheless necessary to consider to what
extent such extreme events are typical for thenteclenate and thus whether they should be
simulated in RCMs driven by GCMs.

9.5.3 Scenarios of heat waves in the near future (2020820

In the near future, EURO-CORDEX models forced by fow’ RCP 4.5 concentration
scenario exhibit the largest increase of heat wieegiency (especially simulations with the
coarser 50 km grid), which relates to the largésinge in the scale of they distribution
and also enhanced temporal autocorrelation. Althotlge increment in medianIx is
comparable across all model groups, the locatioth®fd0" percentile is particularly shifted
in COR44 forced by RCP 4.5, and the largest ineredsemporal autocorrelation was also
found in this group. In general, the increasedarare of the Jax distribution might originate
from changes in surface energy budget, soil mastand atmospheric circulation (Fischer
and Schar 2009). It is possible that extreme teatpers might be enhanced in models forced
by the RCP 4.5 scenario due to drier summer camditand suppressed latent cooling, thus
resulting in a longer upper tail of thg,Jk distribution. The lowest increment of the heat eav
frequency was present in ENSEMBLES simulations, cwhcorresponds with generally
negative changes in temporal autocorrelation gf &nd only a small positive change of the
scale parameter. This little change in spread efThu distribution for the ENSEMBLES
RCMs was found also by Fischer and Schar (2010p shiowed only a small increase of

standard deviation in the mid-2&entury.

9.5.4 Scenarios of heat waves in the lat& 2&ntury (2070-2099)

The late 21 century is characterized by a substantial incrémseat wave frequencies,
which is linked to ERF and is largest under the REC® scenario. Analogous results were
obtained by Jacob et al. (2014) using EURO-CORDEXI@s forced by both RCP 4.5 and
8.5 scenarios. The scale parameter is less impontdims period compared to the near future,
which corresponds to Ballester et al. (2010), wboctuded that future changes in Central

European heat waves are expected mostly to folloomnser mean warming. Using
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ENSEMBLES models forced by the SRES A1B concemmnaticenario, Fischer and Schar
(2010) projected 13 heat waves per decade overald&hirope at the end of the*2dentury.
Because their definition of heat waves was basesixeday temporal criteria, this frequency

is rather comparable to severe heat waves in ady sthd matches our results quite well.

9.6 Summary and conclusions

We analysed 62 regional climate model simulatioosmfthe ENSEMBLES and EURO-
CORDEX projects in order to assess possible chaimg€gntral European heat waves under
climate change scenarios for the laté 2&ntury along with related uncertainties. The main

results can be summarised as follows:

* The RCMs simulate the frequency of heat wavesivelgtwell in the historical period
(1970-1999), but the frequency of severe heat wa/everestimated. The EURO-
CORDEX RCMs with the 12.5 km grid perform bettettwiespect to the simulation
of severe heat waves compared to their low resel60 km grid) versions.

* Inthe near future (2020-2049) simulations, thgudency of heat waves is projected to
be nearly twice higher compared to the historiealqa, while the frequency of severe
heat waves increases by a factor of 2—3. The largesertainty originates from the
selection of models. Differences between the camagon scenarios are small in this
period, and the largest effective radiative foraimdrCP 8.5 is not associated with the
highest frequency of heat waves.

* The largest increase of heat wave frequency inCB®RDEX RCMs under the RCP
4.5 scenario in the near future is related to p@sitchanges in temporal
autocorrelation and relatively large change in dwale parameter of thex
distribution, while the smallest increment in thBISEMBLES RCMs under SRES
A1B is linked to negative changes in temporal aomegdation of T,axand only a small
positive change in the scale parameter of thg distribution.

« For the late 2% century (2070-2099), the largest uncertainty eslato the
concentration scenario. Under RCP 8.5, 3—4 heakesv@er summer are projected,
compared to about two heat waves under RCP 4.5gl®ptwo severe heat waves per
summer are found on average for the RCP 8.5 sinnfgtand they are projected to
become a regular phenomenon (once per summer agagayealso under the other

scenarios.
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* The substantial increase of heat waves under REB &onnected not only with the
largest shift of the Jax distribution but also with significant positive aiiges in
temporal autocorrelation of | especially for lags of 5 days and more. Changes i
the scale parameter of theg L distribution are less important than in the nedure.

e Extraordinary heat waves such as the one that tim 1994 are projected to be still
rather rare in the near future, but the large nigjaf RCMs simulate at least one

event per decade in the late’2&ntury.

The enhanced occurrence of heat waves in a futunate is robust and was found under
all concentration scenarios. This emphasizes amrirapce to implement suitable adaptation
strategies, such as those recommended by the Euroféimate Adaptation Platform
(http://climate-adapt.eea.europa.eu). Designingrgrepaces and corridors in urban areas,
supporting urban farming and gardening, performaggo-forestry and crop diversification,
improving water retention in agricultural areasg &stablishing early warning systems would

mitigate impacts of heat waves in a changing clémat
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Abstract: Heat waves are one of the main concerns relatéduetonpacts of climate change,
because their frequency and severity are projettechcrease in a future climate. The
objective of this work is to study the long-ternrigaility of heat waves over Argentina, and
to estimate recurrence probability of the most s2\#908 heat wave in Buenos Aires. We
used 3 definitions of heat waves that were based pdaily maximum temperature above the
90th percentile (MaxTHW), (2) daily minimum tempene above the 90th percentile
(MinTHW), and (3) both maximum and minimum temparas above the corresponding 90th
percentiles (EHW). The minimum length of heat wavas 3 days and the analysis was
performed over the October—March period. Decadalegof heat wave days in Buenos Aires
experienced increases in all definitions, but Aepstations, combinations of different trends
and decadal variability resulted in some cases @e@ease of extreme heat waves. In the
northwestern part of the country, a strong posithange in the last decade was found,
mainly due to the increment in the persistence oflTMW but also accompanied by increases
in MaxTHW. In general, other stations show a cleesitive trend in MinTHW and decadal
variability in MaxTHW, with the largest EHW cases the last decade. We also estimated
recurrence probability of the longest and most seheat wave in Buenos Aires (over 1909—
2010, according to intensity measured by the cutivelaexcess of maximum daily
temperature above the ®@ercentile) that occurred from 3 to 14 Novembed&dy means
of simulations with a stochastic first-order augpessive model. The recurrence probability
of such long and severe heat wave is small in thegmt climate but it is likely to increase
substantially in the near future even under a netdevarming trend.

Keywords: heat waves; long-term variability; climate extreame

10.1Introduction

Impacts from recent climate-related extremes, sashheat waves, reveal significant
vulnerability and exposure of some ecosystems amohah society to current climate
variability (Field et al. 2013). These impacts ud# enhanced morbidity and mortality
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(Robine et al. 2008; Barriopedro et al. 2011), cfaifures, forest fires, stress for livestock
and wildlife, spreading of pests and increased @gnédemand for cooling (De Bono et al.
2004; Beniston et al. 2007).

On the global scale, there is only a medium comnftéethat the length and frequency of
warm spells, including heat waves, have increagsez gshe middle of the twentieth century
(Hartmann et al. 2013). This uncertainty was mos#ysed by the lack of data and studies
over South America and Africa. However, models grbpear-term increases in the duration,
intensity and spatial extent of heat waves and wsapells over most land regions (Kirtman et
al. 2013).

Focusing on South America, Cerne and Vera (201ajveld that the majority of heat
waves defined over a single station in Argentira radated to the progression of the South
Atlantic convergence zone, which is regarded aslangated convective band typically
originating in the Amazon basin and protruding itb@ southeastern subtropical Atlantic
Ocean (Carvalho et al. 2004). This large-scale ptynopattern determines the warm
meridional flow that drives high temperatures otteg eastern subtropical coast of South
America (e.g. Alessandro and de Garin 2003). A dmmmal transport of air masses over
South America is the most intense over the entoettf®&rn Hemisphere, mainly due to the
presence of the mountain ridge of Andes (RusticRotR).

The study of the occurrence of heat waves needst@mded quality-controlled data base
containing daily data. Over Argentina, there haeerbstudies related to the variability of
extreme temperatures, but the spells were analgkethg short periods because of
incomplete data or their limited availability (Rigstcci and Vargas 1995, 2001). More
recently and over a larger area, Alexander et28l0§) considered one parameter related to
warm spells, the Warm Spell Duration Index (WStl)s defined as the annual count of days
with at least 6 consecutive days when maximum teatpee exceeds the 9@ercentile. This
definition takes into account warm spells over Wele year, without consideration of the
season, and it is restrictive about the number isBimg data. The results over Argentina in
the 1951-2003 period showed no significant lineamds, and these trends were both positive
and negative over different regions. In an upddtéhat paper, Donat et al. (2013) present
HadEX2, which extended the number of stations &edperiod up to 1901-2010, and found
the same sign and spatial inconsistency of thelsren

Without considering several days-long spells (alg number of days above or below

some threshold individually), the number of warmghts (minimum temperature above the
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90" percentile) has been increasing and the numbeolof nights (minimum temperature
below the 18 percentile) and days (maximum temperature beloavit®' percentile) has
been decreasing over Argentina, as well as ovet taod regions. However, the frequencies
of warm days (maximum temperature above tH& @&rcentile) have been decreasing in some
regions over Argentina (Rusticucci and Barrucan@42@®lexander et al. 2006; Donat et al.
2013).

A definition of heat waves varies over literatung i is mainly related to the number of
consecutive days that exceed a defined thresholcelaion between extreme temperature
occurrence and their impacts on human health corddide useful thresholds for delimiting
heat waves. As enhanced mortality in summer ista@ld# temperature excesses of both
minimum and maximum temperatures, so, we used tlme#s to define a heat wave. The
analysis of this relationship is also useful for iastallation of an operative alert system
through the National Weather Service of Argentiwavy.smn.gov.ar) that could contribute
to the population preparedness in order to avoalthhénpacts.

The first main objective of this work is to studhetlong-term variability in the occurrence
of heat waves over Argentina, with focus on thenwgreriod of the year and considering
different heat wave definitions. The second mam & to estimate recurrence probability of
the most severe and longest heat wave in Buen@s Aly simulations with a stochastic time
series model. These simulations were performedtHferpresent climate as well as under
several climate change scenarios.

The paper is structured as follows: a descriptibulada, definition of a heat wave and
information about stochastic time series modelgiven in Section 10.2. Results concerning
long-term variability of heat waves over Argentia@ shown in Section 10.3. Estimates of
recurrence probability of the most severe and Iehigeat wave in Buenos Aires are presented

in Section 10.4. Finally, discussion and conclusifilow in Section 10.5.
10.2Data and methodology

10.2.1Data
The data were obtained from 58 stations located Avgentina north of 40° S (Figure
10.1). This is the most populated region, and grime to severe heat waves. We utilized all
available stations with long-term daily maximum anghimum temperature series (with less

than 2 % of missing data). Originally, the data everovided by the Argentine National
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Weather Service and their quality was analysedutiitache European project CLARIS LPB,
generating the open data base CLARIS LPB (Pendllm. €014). Table 10.1 shows all
stations used for the analysis of long-term valitgtof heat waves, including their station ID,
name, geographical coordinates and elevation. la #mticle, the term Buenos Aires

represents the Autonomous City of Buenos Airesd@iuAutonoma de Buenos Aires).
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Figure 10.1. Locations of stations and the elewatitodel (ETOPO5) over the continental

parts of Argentina.
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Table 10.1. Stations utilized.

station ID  Name Latitude (°S) Longitude (°W) Altitufie)
1 LA QUIACA OBS. 22.10 65.60 3459
2 ORAN AERO 23.09 64.19 357
3 LAS LOMITAS 24.42 60.35 130
4 SALTA AERO 2451 65.29 1221
5 IGUAZU AERO 25.44 54.28 270
6 FORMOSA AERO 26.20 58.23 64
7 POSADAS AERO 27.22 55.58 125
8 CERRO AZUL INTA 27.39 55.26 270
9 RESISTENCIA AERO 27.45 59.05 52
10 CORRIENTES AERO 27.45 58.77 60
11 SANTIAGO DEL ESTERO AERO 27.46 64.18 199
12 TINOGASTA 28.04 67.34 1201
13 RECONQUISTA AERO 29.11 59.42 53
14 LA RIOJA AERO 29.23 66.49 429
15 PASO DE LOS LIBRES AERO 29.41 57.09 70
16 CERES AERO 29.53 61.57 88
17 MONTE CASEROS AERO 30.16 57.39 54
18 CORDOBA AERO 31.19 64.13 474
19 CORDOBA OBSERVATORIO 31.24 64.11 425
20 PILAR OBS. 31.40 63.53 338
21 SAUCE VIEJO AERO 31.42 60.49 18
22 PARANA AERO 31.47 60.29 78
23 VILLA DOLORES AERO 31.57 65.08 569
24 SAN JUAN AERO 31.57 68.42 62
25 MARCOS JUAREZ AERO 32.42 62.09 114
26 MENDOZA AERO 325 68.47 704
27 MENDOZA OBSERVATORIO 32.53 68.51 827
28 ROSARIO AERO 32.55 60.47 25
29 GUALEGUAYCHU AERO 33.00 58.37 21
30 SAN MARTIN (MZA) 33.05 68.25 653
31 RIO CUARTO AERO 33.07 64.14 421
32 SAN LUIS AERO 33.16 66.21 713
33 VILLA REYNOLDS AERO 33.44 65.23 486
34 SAN CARLOS (MZA) 33.46 69.02 940
35 PERGAMINO INTA 33.56 60.33 65
36 LABOULAYE AERO 34.08 63.22 137
37 JUNIN AERO 34.33 60.55 81
38 BUENOS AIRES 34.35 58.29 25
39 SAN RAFAEL AERO 34.35 68.24 748
40 CASTELAR INTA 34.40 58.39 22
41 EZEIZA AERO 34.49 58.32 20
42 LA PLATA AERO 34.54 57.56 4

43 PUNTA INDIO B.A. 35.22 57.17 22
44 NUEVE DE JULIO 35.27 60.53 76
45 MALARGUE AERO 35.30 69.35 1425
46 GENERAL PICO AERO 35.42 63.45 145
47 PEHUAJO AERO 35.52 61.54 87
48 TRENQUE LAUQUEN 35.58 62.44 95
49 DOLORES AERO 36.21 57.44 9
50 SANTA ROSA AERO 36.34 64.16 191
51 AZUL AERO | 36.45 59.50 132
52 TANDIL AERO 37.14 59.15 175
53 CORONEL SUAREZ AERO 37.26 61.53 233
54 PIGUE AERO 37.36 62.23 304
55 MAR DEL PLATA AERO 37.56 57.35 21
56 BAHIA BLANCA AERO 38.44 62.10 83
57 NEUQUEN AERO 38.57 68.08 271
58 RIO COLORADO 39.01 64.05 79
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10.2.2Heat wave definition

Considering the impacts of heat waves on mortalitguenos Aires, the extreme cases of
excess mortality over the warm season (October-haofé the year are related to the
occurrence of minimum temperature (MinT) above 2Q¥here the curve changes its
curvature) and maximum temperature (MaxT) aboveC32Figure 10.2). These values
correspond to the mean daily "™@ercentile calculated over the warm season (Octobe
March) of the year in the 1961-1990 period. Theefthe 98 percentiles of both MinT and
MaxT were taken to define a heat wave for the wagason of the year. To specify the

minimum number of consecutive days that defineat ivave, their persistence was analysed.
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Figure 10.2. Minimum and maximum daily temperatuse mean daily mortality in Buenos
Aires (201+2012) warm season.

In Buenos Aires, the analysis of persistence ofsdeyth MaxT above 32°C and
simultaneously MinT above 20°C in the warm seasocidber to March) during the 1959—
2010 period showed that 77% of the spells lasted2ldays, and the longest one persisted for
12 consecutive days. Based on this distribution because the objective was to analyse
more persistent events, a heat wave was definea wémperature was above the threshold
(the seasonally varying 80percentile) for at least 3 consecutive days. Ttadom-specific
90th percentiles of MinT and MaxT calculated ov&61-1990 were used to define and
analyse heat waves over the complete data based@d€61-2010). Using this limited 1961—
1990 period allows updating the list of heat wawghout recalculating the percentiles and
provides a better comparison with other studies.

We use three different definitions of heat waveeglls of 3 or more consecutive days with
(1) MinT above the daily 90percentile of MinT (heat waves based on MinT: MiV¥), (2)
Max Tabove the daily 9percentile of MaxT (heat waves based on MaxT: MéWl) and
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(3) the joint occurrence of MinT and MaxT aboveitig9™ percentiles. These latter will be
called extreme heat waves (EHW), due to the sgvefithe definition. In these three types of
heat waves, we analyse long-term variability anchdal occurrence of the number of days in
heat waves, the persistence and the intensity.

We considered the warm half of the year from OatabéViarch, in order to capture early
and late heat wave occurrences, too. These cadffasigh not necessarily associated with
extreme absolute temperatures, could have hugecisypm society as well. For example,
Campetella and Rusticucci (1998) presented synaptiditions during a strong heat wave in
the last days of summer (end of March) with a pumoed impact on society, as schools in
Buenos Aires were temporarily closed.

10.2.3Stochastic time series model for daily temperatures

In order to estimate recurrence probability asdediavith the 2008 heat wave in Buenos
Aires, we make use of long artificial time seriek MaxT simulated by a first-order
autoregressive model (AR(1)). The AR(1) model pdesi characteristics of heat waves and
temperature threshold exceedances that are generajjood agreement with observations
(e.g. Mearns et al. 1984; Macchiato et al. 1993p@bo et al. 1999; Kysely 2010). Several
variants of the AR(1) model exist; herein, we applynodel in which the seasonal cycle of
MaxT is considered as a deterministic part and delyiations from this cycle are simulated
as a stochastic component (Macchiato et al. 1998ek and Kim 2009; Kysely 2010). For
the present climate experiment, parameters of tbdem(mean, variance and the first-order
autocorrelation coefficient) are estimated from Wadata in Buenos Aires over 1961-2009;
100,000-year-long artificial time series of MaxTeahen generated with the AR(1) model,
from which recurrence probability of events analagto (or exceeding) the 2008 heat wave
is estimated. In a similar way, experiments fotiaate warmer by 1, 2, and 4°C are carried
out. Over Argentina, values of 2 to 3°C correspomdhe projected 7% percentile of the
distribution from the ensemble of CMIP5 models, tfte RCP 4.5 scenario and the end of the
21% century (IPCC 2013), so the range from 1 to 4°@ec® low- to high-climate change

scenarios for Argentina and the late twenty-fiesttary.
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10.3Long-term variability of heat waves in Argentina nath of 40° S

Since the number of heat waves is small each ysaraggregated the number of days
during heat waves (heat wave days) in decadesder ¢o analyse temporal changes in their
occurrence. The first decade starts in the OctbB80—March 1961 warm season.

The mean numbers of heat wave days per decadegdhernwarm season for the whole
1961-2010 period, considering the three definitibisTHW, MaxTHW and EHW, are
shown in Figure 10.3. As an example, the city obBas Aires experienced, on average, 8
heat wave days per year for MinTHW, 6.5 heat waagsdoer year for MaxTHW and, if we
consider MinT and MaxT simultaneously above théif percentiles, 2.5 heat wave days per
year for the EHW definition. The most persistentreme warm temperatures occurred over

the north and north-eastern part of Argentinaafothree heat wave definitions.
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Figure 10.3. Mean number of days under a heat vp&vedecade, considering MinTHW,
MaxTHW and EHW (summer)

Figure 10.4 shows the geographical distributiothefnumber of heat wave days for each
decade. There is great variability among regions,ito general, the decade 2001-2010 was
typical for the highest number of heat wave dayoating to all definitions. Although the
occurrence of heat wave days by the MaxTHW definitlecreased in some regions by the
end of the twentieth century, the occurrence of iV increased, and when combining both
limits, EHW also showed the largest number of o@nges in the last decade, surpassing the
1981-1990 warm decade.
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Decadal frequency of heat waves (according to MMTHIaxTHW and EHW) at four
typical stations is shown in Figure 10.5. Decadslligs in Buenos Aires experienced clear
increases in heat waves according to MinTHW and EM¥#h the highest frequency for both
in the 2001-2010 decade, while a less pronouncerkase in heat waves according to
MaxTHW. The combination of different trends and aldal variability at other stations
resulted in some cases in the decrease of thenextleeat waves (EHW), as shown in
Cordoba (Central Argentina). In the central-westeant of the country, Mendoza shows an
increment in the last decade, particularly for MifWW. In the north-western part of the
country, La Quiaca presents a huge increment idatstedecade in EHW, mainly due to the
increment in the persistence of MinTHW but alsoomepanied by increases in MaxTHW.
Due to the sharp increase in the number of heatesvan the north-western region of
Argentina (La Quiaca, Tinogasta), we checked ag@ndata quality. The comparison with
hourly data at other nearby stations in the 1991638eriod confirmed the observed change
in the last decade.

In general, most other stations over the analysgibn show a clear positive trend in
MinTHW, and decadal variability in MaxTHW, with thiargest EHW cases in the last
decade.

In order to analyse the variability of more frequshorter heat waves, we separate the
heat waves into two main groups according to theigth, 3 to 5 days and longer. The
difference in the number of short heat waves betwibe last (2001-2010) and the first
(1961-1970) decades shows an increase in mosteotdhntry, for all three definitions
(Figure 10.6). All stations present significantre@sing trends for MinTHW (not shown).

Considering only these short heat waves, the neestern part of the country
experienced from 10 to 30 more heat wave days oMW in the last decade compared to
the first decade, which is a substantial increAfieover the country, up to 5 more heat wave
days for EHW occurred, with more than 10 heat waags in the north-western region. The
zero increment of heat wave days over central Angarfaccording to MaxTHW) was related
to the warm 1961-1970 decade in this region, awsho Figure 10.4. A similar pattern but
with generally insignificant linear trends was fduior long heat waves.

To summarize this variability, all heat waves atatisns are analysed together. The time
series of the number of heat waves shows positgrefieant trend in all definitions, mainly

driven by the short heat waves (Figure 10.7).
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Figure 10.5. Number of MinTHW, MaxTHW and EHW oveecades from 196170 to

2001772010 at stations Buenos Aires, Cordoba Observatbttendoza Aero and La Quiaca
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Figure 10.6. Differences in the number of short3 days) heat waves between 2001-2010

and 1961-1970, considering MinTHW, MaxTHW and EHW.

132




140 - 140 -
i y = 0.8779x + 34.414 @ y= 044422 + 46833
oo <
= =
< =
w w
= =
w e
o o
x [+ 4
i w
m 1]
s =
=2 =
= =

u_ TT B T TTTTETT TITTTT T 0 TTTITTTTTRTONT PRI RTT TTiT LA} T

N oD O oam A NS AN BB Mo S A NS S AN

FFF ISP FE SRS FFF S P E PP

MinTHW MaxTHW

40 -
w
% y = 0.2231x + 8.151
=
'—
&
x
5 -
& =
m
g M

N D DA N DD D NP

RIS AR QI R R qg@

EHW

Figure 10.7. Time series of the number of heat wasak lengths and stations over Argentina
(1961-2010). Linear trend is fitted to the data.

Beside the duration, we considered the intensitiiezt waves, measured by the sum of
degrees C above the™®@ercentile (cumulative excess of temperature).déonparison, the
degree days were computed for each event, as tibebetween the intensity and length in
each event. The degree days were accumulated ¢dadds, and the differences in degrees C
between two decades (2001-2010, 1961-1970) werpwtech The short heat waves had the
largest differences. A strong warming can be seamlg over the northwest in MinTHW,

while less warming or cooling in other regions (sbown).

10.4Recurrence probability of the extreme heat wave dllovember 2008 in BA

Since Buenos Aires is the location with the longest most complete temperature record
in Argentina, and also the area where most of thmtry’s total population lives, we focused
on the most severe heat wave in Buenos Aires iremetail.

Over the whole period of available data (1909-20@® November 2008 heat wave was

the longest and most extreme one, mainly consigéviaxT. It lasted for 12 days (from 3 to
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14 November) and was associated with the cumulaizeT excess above the®percentile

of 32.6°C. The heat wave was rather exceptiondbats length and the cumulative MaxT
excess compared to other heat waves in Buenos, Aisethe second most severe heat wave
since 1909 (March 1952) had the cumulative MaxTesgmf only 26 °C and lasted 11 days.
This November 2008 heat wave was also exceptiondMinT and EHW, compared to the
March 1952 heat wave, which lasted 11 days, theutative excess was 54 vs 16°C in EHW
and 22 vs 4°C in MinT. Its spatial extent, consitgpersistence, covers a region in central-

eastern Argentina (Figure 10.8).
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Figure 10.8. Number of days under 2008 Novembetr\wage, considering MaxTHW.

Its recurrence probability was estimated from satiohs of time series of MaxT by a
first-order autoregressive (AR(1)) model (see $&cti0.2.3). We generated 100,000-year-
long series for the present climate (with paransetéithe AR(1) model estimated over 1961—
2009) in the first step and analogous series fdimaate warmer by 1, 2 and 4°C, to represent
possible climate change scenarios for the late tiywignst century.

We focused on three heat wave characteristicaiifate severity of the 2008 heat wave:
1. Cumulative MaxT excess above thd' @@rcentile> 32.6 °C,
2. Length>12 days,

3. Both conditions 1 and 2 met.

Table 10.2 shows that the recurrence probabilitg bkat wave similar or exceeding the
November 2008 heat wave in Buenos Aires is smdhénpresent climate. The return periods
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are estimated in the order of several hundredeveral thousands years, depending on the
chosen characteristic. However, even a moderatmivgrsubstantially increases probability
of such event: in a climate warmer by +1°C, theunretperiods decline by an order of
magnitude, and in a climate warmer by +4°C, sucht eaves are likely to occur regularly

(once every 1-3 years).

Table 10.2. Return periods of the 2008 heat wav@uienos Aires, estimated with the AR(1)

model for the present climate and three climatenghacenarios.

Return period [in years] of a heat Present climate +1°C +2°C +4°C
wave with (1961-2010) warming warming warming
1) cumulative MaxT excess above the

90" percentile (TS) >= 32.6°C 610 95 18 1.3
2) length >= 12 days 3700 380 55 3
3) TS >= 32.6°C and length >= 12 6250 670 80 aE

days

10.5Discussion and concluding remarks

The frequency of heat waves has been increasiAggentina for all examined definitions
over the 1961-2010 period. This finding brought enevidence for the IPCC statement that
there is a worldwide increment of heat waves, sideetmann et al. (2013) noted that the
medium confidence is caused by a lack of studie®ng others, over South America.

Generally, we found pronounced decadal variabibty, the largest number of heat waves
was observed in the last 2001-2010 decade, sungads warm 1981-1990 decade. The
relatively cold 1991-2000 decade might be related tower activity of the South Atlantic
Convergence Zone compared to the previous decadsha@vn in Carvalho et al. (2004).
However, Cerne and Vera (2011) demonstrated thattvaaves over central Argentina occur
even when the activity of the South Atlantic comyesrce zone is suppressed.

Focusing on individual stations, decadal valueBuenos Aires experienced increases in
MinTHW and EHW, while the combination of differemtends and decadal variability
resulted in some cases (e.g. Cérdoba and Las Lenmitdhe reduction of extreme heat waves
in the last decade. The stations over the northesmegart of the country (La Quiaca, Oran,
Salta and Tinogasta) showed a strong positive @anghe last decade, mainly due to
increased persistence of MinTHW, but also accongehhy increases in MaxTHW.

In general, other stations showed a clear positigad in heat waves in the light of
MinTHW, and decadal variability in MaxTHW, with thmost severe cases in the last decade
when the simultaneous combination of MaxT and Me@xEesses was most frequent. There
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was a particularly strong increase in the intenang number of heat waves of short lengths
(3 to5 days) in all three heat wave definitions.

Recurrence probability of the longest and most iebeat wave in Buenos Aires (over
1909-2010, according to intensity measured by cativel excess of MaxT above the"™0
percentile) that occurred in 2008 was estimatedibwlations with a stochastic first-order
autoregressive model that reproduces structuréeotiine series of daily temperatures. The
results show that the recurrence probability ohsiong and severe heat wave is small in the
present climate, but it is likely to increase sahstlly in the near future even under a
moderate warming trend: by a factor of 6-10 witlty@1°C warming, by a factor 6f30-70
with a 2°C warming and by a factor 8600-1000 with a 4°C warming. These results should
be taken into account also in the design of adaptaind mitigation measures to protect

society against adverse effects of extreme evardaschanging climate.
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11 Conclusions and future perspectives

According to IPCC (2013), it is very likely that mman influence has contributed to
observed global scale changes in the frequencyirdadsity of daily temperature extremes
since the mid-20 century. It is virtually certain that there wikelmore frequent hot and fewer
cold temperature extremes over most land areasjtasdvery likely that heat waves will
occur with a higher frequency and duration in asgae future climate. The thesis aimed to
strengthen the evidence from the observed dat#ally evaluated the capability of climate
models to simulate heat waves, and constructedatdithange scenarios for heat waves over
Central Europe. Principal outcomes of the doctdiggertation are summarized as follows:

« The extremity index of heat waves (cold spells) wagposed and tested over Central
Europe. This index is based on joint effects ofgerature magnitude, duration, and
spatial extent of individual events. Because itolmes no ‘local’ settings, it may be
applied also in other regions and data sets. Ttreraky index was found suitable for
evaluating magnitude of heat waves in climate nodal a similar index may be also
used to assess severity of droughts, persistenifaliai snowfall and other

meteorological hazards.

» The list of severe heat waves and cold spellsdbatirred over Central Europe since
1950 was established. Spatial patterns of temperammomalies for each event were
visualized in maps, and heat waves (cold spells¢ wkassified into four groups based
on their characteristics. The methodology enabbekating the list when a new version
of the E-OBS data set is released. Enlisted eveaisbe used as future analogues for
comparison with simulated heat waves and cold speltlimate models and for other
purposes. The list may also be broadened by inududdditional information about

each event (observed losses, driving factors, etc.)

* Regional climate models driven by the reanalysisl t® underestimate the magnitude
of the extraordinary 1994 heat wave. Those erroesewinked to simulation of
precipitation, because the largest underestimatwss related to substantial
overestimation of rainfall and vice versa. Inasmashextraordinary heat waves are
expected to become one of the largest hazardobéptlimate change, their improper

simulation is a serious deficiency of current clienenodels.
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* Heat wave scenarios for a possible future Centuabjgean climate were constructed.
In the near future (2020-2049), the mean projefregliency of heat waves is nearly
twice higher (15 events/decade) compared to therigal period and this value is
similar in all concentration scenarios. By contrdbe projected frequency of heat
waves in the late Z1century (2-4 events/summer, 2070-2099) dependsljaon
concentration scenarios, so the climate changegatibin strategies are projected to be
effective rather in the long term. However, it isspible to implement suitable
adaptation strategies, such as those recommendie [Buropean Climate Adaptation
Platform (http://climate-adapt.eea.europa.eu), Wwhiould partially reduce impacts of

heat waves in a changing climate.

There is still a need to improve climate modelsrider to obtain more credible simulation
of heat waves in a possible future climate. Espigcmojections of persistent heat waves
(such as those of 1994 and 2015) have to be imteghwith caution, because present climate
models tend to underestimate such events. In additi improving climate models, a focus
should be given on broad collaboration within treogriences community because many
fundamental aspects of climate change extend begbméte science. Estimating possible
future socio-economic scenarios, population growtlmpsystem response, and climate change

impacts on agriculture and forestry cannot be ua#élen without widely ranging cooperation.
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