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Abstract: Heat waves and cold spells have serious impactsataral environment and
society. The main aims of this thesis are to exampist 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 wemmarily investigated as spatial events, using
gridded data sets. E-OBS gridded data was utili@aesess past variability of heat waves and
cold spells and to evaluate regional climate m@a€IM) simulations from the ENSEMBLES
and EURO-CORDEX projects. An extremity index thaptres joint effects of temperature,
duration, and spatial extent of individual heat emand 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 respecintolation 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 posudrgvgevazri jako prostorové udalosti
za pomoci dat v pravidelné siti uzlovych lBogyridu). Analyza promnlivosti horkych a
studenych vin v minulosti a validace regionalnidmhtickych model (RCM) z projeki
ENSEMBLES a EURO-CORDEX byly provedeny na zaklaggidové databdze E-OBS. Byl
navrzen a otestovan index extremity, ktery zoilgel teplotu, délku a plosny rozsah
jednotlivych horkych a studenych vin. Dlouhotrvajiorké vina z roku 1994 byla veratini
Evropg v obdobi 19562012 nejvyraz§Si a léto 2013 bylo nejextré§8i na rekolika
stredoevropskych stanicich, pokud jde o celkové chariskiky horkych vin. Nejsilgsi
studené viny se vyskytly v letech 1955/1956 a 198@38 a zima 2011/2012 byla Sesta
nejchladrjsi na zaklad sumy indexu extremity. Zachyceni vlastnosti hohkydn bylo
studovano pomoci ensemblu RGiidenych reanalyzou ERA-40. Modelovyipwr odrazel
charakteristiky horkych vin poémné dolie, nicmeég byly zjistny velké rozdily mezi
jednotlivymi modely a nespravné bylo ramn zachyceni mezitmi i dlouhodobé
promenlivosti horkych vin. VSechny RCM podcenily intetwihorké viny z roku 1994,
piicemz tato chyba byla gpobena fili§ vydatnymi srazkamidhem horké viny aied ni.
Projekce horkych vin pro mozné budouci klima byigtvereny na zaklatl simulaci RCM
fizenych globalnimi klimatickymi modely za pouZiii $cén&i socio-ekonomického vyvoje .
V blizké budoucnosti (2020-2049) modely simulujiopghdsobnoucetnost 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 pravy na vySe zmiénych scénéch. V tomto obdobi modely
simuluji 3-4 horké viny za sezonu v porovnani s méez jednou Vv historickém obdobi a
intenzivni horké viny se objevuji pravidélnTyto projekce by mohly byt potenci&lnZiteiné
pro politickécinitele i dalSi zdastréné strany, nicménje nutna opatrna interpretaceiddu
velkych nejistot plynoucich ze scéfdoncentraci sklenikovych phina izného 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

Kli ¢ovéa slova:horké viny; studené viny; ztna klimatu; klimatické modely; sdni Evropa



1 Introduction and motivation

Heat waves and cold spells are important phenonoéribe European climate. These
events are traditionally regarded as summer (wWinperiods that last several days with
weather conditions excessively hotter (colder) tharmal. Heat waves have major
consequences for the natural environment and sodB®niston et al. (2007) pointed to
excess illness and mortality, livestock and wiklgtress, crop damage, spread of pests and
increased energy demand for cooling. More spediicthe hot summer of 2003 in France
resulted in tens of thousands excess deaths (Rading. 2008), reduced crop yields,
decreased plant productivity (Bastos et al. 204) r@cord-breaking loss of Alpine glaciers
mass (De Bono et al. 2004). Analogous impacts wbserved during the 2010 Russian heat
wave (Barriopedro et al. 2011) and numerous widfitriggered by this event caused
prolonged episodes of extreme air pollution in sgvBussian cities (Konovalov et al. 2011).
Among other impacts, cold spells affect human heafifrastructure, and vegetation (Vavrus
et al. 2006; Barnett et al. 2012).

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 (DellatdViet al. 2007; Kysely 2008) and the
second, ongoing period began in the 1990s. The maistble European events since the
1990s are the 1994, 2003, 2007, 2010, and 2015weaads (Russo et al. 2015). The past 25
years are exceptional also in the long-term contéysely (2010) analysed a temperature
series from Prague-Klementinum (172906) and the turn of the ®@entury was found to
be the most extreme according to the severity at haves. Research articles dealing with
temporal variability of cold spells are consideyabess frequent compared to those
concerning heat waves. According to Kysely (20@Bg most severe cold spells since the
beginning of the 20 century occurred in the 1940s over most Europeeasa Other notable
events were observed in winter 1962/1963 (Cattetuad. 2010), in February 1956, in January
1987 (Walsh and Phillips 2001) and in winter 2009@ (Cattiaux et al. 2010). Although
severity of cold spells shows negative trend stheel940s, this decline is smaller compared
to the increase of heat wave severity (Kysely 2008)

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&ourrence of these blocks is linked to
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Rossby wave breaking events (Altenhoff et al. 20@8yen by large-scale meanders in the
upper troposphere jet stream. Shubert et al. (2@&h)onstrated a key role of atmospheric
blocking in development of the 2003 and 2010 heawes, and Schneidereit et al. (2012)
concluded that the blocking high over western Russsted more than twice as long as the
mean blocking duration for summer in this regiorraHwaves can be amplified by a soil
moisture deficit that results in a reduced latenbling and therefore increased daily
maximum temperature. The majority of severe Eurogezat waves were preceded by spring
precipitation deficit (Fischer et al. 2007; Barmajpo et al. 2011).

The severity of cold spells is well correlated witte North Atlantic Oscillation index
(NAO) that expresses the strength of a zonal fl®ea(fe et al. 2005) and an occurrence of
cold spells is linked to specific circulation patte (Kysely 2008). In addition, winter
atmospheric circulation is modulated by quasi-pical changes in solar activity
(Barriopedro et al. 2008; Huth et al. 2008). Besadimospheric circulation, the severity of
cold spells may be amplified by snow cover albegiedback. Plavcovd and Kysely (2016)
showed that the frequency of north-eastern cycl@yicoptic types, which are linked to
snowfall (Bednorz 2011), is significantly increadsefore the onset of cold spells in Central
Europe.

Due to an expected rise in global mean air tempergiPCC 2013), there are concerns
that losses caused by heat waves will be increagitigough 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 atptweric circulation triggered by a possible
decrease of solar activity in coming decades (Alateal. 2008). Inasmuch as these extreme
events are expected to be more severe and dangeradsture climate, it is vitally important
to understand all their aspects in order to eshbBuitable adaptation and mitigation

strategies.

2 Work objectives

A general aim of this thesis is to study variapibf heat waves and cold spells in the past,
present, and possible future climate. The studyrducted over Central Europe, which was
affected by several extraordinary events in regeatrs. The aim of the thesis is achieved
through completing four work packages (WPs) lidietbw:
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« WP1: Analysing temporal variability of heat wavesdacold spells using (i)
meteorological stations with long-term measurements (ii) 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 regional climat®dels (RCMs) to simulate heat
waves in a historical climate and identifying pbssisources of errors

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

a future climate under various concentration sdesar

3 Study area, data and methods

Heat waves and cold spells are analysed over CeBtreope, which is defined to
encompass more than 600,000%kapproximately between 433°N and 822°E. According
to Koppen-Geiger climate classification, almostirenCentral Europe has warm temperate
and fully humid climate with warm summers (type KCflvhile the rest of the region exhibits
snow and fully humid climates (type Df) in mounius areas (Kottek et al. 2006). An
analysis of heat waves and cold spells is carrigdwth emphasis on their spatial extent
using E-OBS gridded data set (Haylock et al. 2008¢ause this characteristic was not often
considered in previous studies. In addition, usgrafded data sets is suitable for evaluating
climate models that provide spatial fields of medémgical variables. Nevertheless, ‘point’
station data is also utilised in order to assessithgnitude of recent severe heat waves on a
centennial scale, because no high-quality griddath ds available for these long-term
analyses.

Changes in heat waves in a possible future cliraegeanalysed with respect to related
uncertainties originating from the selection of cemtration scenarios, combinations of RCM
x GCM, and climate models’ spatial resolution. Previsuslies that analysed heat waves or
cold spells in a possible future climate did noalaate 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, which ao¢ taken into account in present climate

" Global Climate Model



models. Before assessing changes of heat wavesr whdete change scenarios, the
capability of climate models to simulate these éves evaluated. Identifying strengths and
weaknesses of climate models is vital for credibterpretation of simulated heat waves in a
possible future climate.

Due to relatively complex climate of Central Eurppeat waves and cold spells were
defined in this thesis using relative quantile-lob#eresholds. To describe the severity of
individual heat waves and cold spells, an extrenmitex was proposed. The extremity index
is defined as a sum of positive,k (negative T,) daily deviations from a given quantile
during all heat wave (cold spell) days, scaledhsytotal number of grid points over Central
Europe. This index captures joint effects of terapee, length, and spatial extent of an

individual heat wave or cold spell.

4 Results and discussion

4.1 Interannual variability of heat waves and cold spdé

Over the 1950-2012 period, 18 heat waves and 24 sjmlls were found over Central
Europe. The most severe heat waves (accordingtteneity index) occurred from 23 July to
6 August 1994 and during 18-28 July 2006. Theseheat waves were markedly above the
others by their extremity index, spatial extent] @uaration (no other heat wave lasted longer
than 5 days). By far the most severe cold spelr @entral Europe occurred in February
1956. In addition to its large value of the extrgmindex, this event had the greatest
temperature amplitude, its core affected the wiobl€entral Europe, and it persisted for 11
days. In general, cold spells exhibited signifitanarger values of extremity index and
temperature amplitude compared to heat waves dgestder temperature variance in winter
over Europe (Cattiaux et al. 2012) and the negigtisieewed winter T, distribution (Toth
and Szentimrey 1989). Thus, the left tail of thater T, distribution has a greater potential
for developing extreme temperatures than doesghetail of the summer Jax distribution.

The most-severe 1994 heat wave (Figure 1la) is ctesized by a large temperature
pattern with a centre in Poland and its core (te@ avhere the sum of positivg,Jk deviations
is greater than 10°C) covered Denmark, southerrd8wesermany, north-eastern France, the
Czech Republic, Austria, Slovakia, Hungary, Lithiaaihatvia, western Belarus, and western
Ukraine. By contrast, the most-severe cold spelFé@bruary 1956 exhibited extreme cold

" Tmax— daily maximum temperature; — daily minimum temperature
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anomalies over a large area of France, Switzerl@simany, Austria, the Czech Republic,
and Poland (Figure 1b).
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Figure 1: The most severe heat wave and cold spell Central Europe in the 1950-2012
period. Spatial patterns of the sum of positivgc(negative Fin) deviations above (below)
the 95% (5%) quantile of summerak (winter Tnin) distribution are plotted.

The extremity of heat waves in summer 2013 wassasskeusing a long-term station data.
In Kremsmuenster and Graz (Austria), seasonal cterstics of heat waves were largest for
the entire period of observation. At Milesovka (€lz&kepublic), Wien (Austria), Hurbanovo
(Slovakia), Ljubljana (Slovenia), and Zagreb (Ciagtseasonal characteristics of heat waves
in 2013 were ranked as the second or the thireesrg\ithough inhomogeneities in long-term
European data sets were identified (Wijngaard €2@0)3) and some stations are influenced
by an urban heat island, the largest severity ®frdtent heat waves is evident at the majority
of examined locations, including stations on a matmsummit and in small towns, and thus

it is quite robust.

4.2 Evaluation of heat waves in RCM simulations
An ensemble of 7 RCM runs driven by the ERA-40 edgsis (Uppala et al. 2005) from the
ENSEMBLES project (van der Linden and Mitchell 2D@¢as evaluated. The multi-model
mean reflected the observed characteristics of heates quite well, but considerable

8



differences were found among the individual RCMBBe RCMs had a tendency to simulate
too many heat waves that were shorter but theipéeature peak was more pronounced on
average compared to E-OBS. Deficiencies were faalad in reproducing interannual and

interdecadal variability of heat waves. A magnitwdeéhe most severe Central European heat

wave that occurred in 1994 was underestimated R@Ms (Figure 2).
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Since RCMs driven by the ERA-40 reanalysis repredpersistence of weather regimes
(Sanchez-Gomez et al. 2009) and flow indices (Pha&cand Kysely 2012) over Central
Europe relatively well, we focused on land—atmosplo®upling as a possible driver for the
errors in simulations of this event. Pronouncedrestimation of precipitation amount during
the period of the 1994 heat wave was identifiedallrRCM simulations that considerably
underestimated the magnitude of the temperaturterpaf4 out of 7), while the simulated
precipitation was much closer to reality in the @N& that captured the 1994 heat wave
reasonably well (ETHZ-CLM, KNMI-RACMO2, and METNORHAM). This is in
accordance with Fischer et al. (2007), who empkdsithe importance of realistically
simulating soil-moisture conditions in RCMs for tikevelopment of heat waves.

4.3 Climate change scenarios of heat waves and their certainties

In order to assess possible changes in CentralpBaroheat waves under climate change
scenarios along with related uncertainties, 62 R&ulations from the ENSEMBLES and
EURO-CORDEX (Jacob et al. 2014) projects were a®alyIn the near future (2020-2049)
simulations, the frequency of heat waves is pregtd be nearly twice higher compared to
the historical period, while the frequency of sevheat waves increases by a factor of 2—-3
(Figure 3). The largest uncertainty originates frdhe selection of models, because
differences between the concentration scenariossaral in this period, and the largest
effective radiative forcing in the high-concentoatiRCP 8.5 is not associated with the highest
frequency of heat waves.

Changes of heat wave and severe heat wave fregselace clearly linked to the
concentration scenarios in the late'2entury time slice (20#2099). The largest increases
of these events are found in simulations drivenhigh-concentration RCP 8.5. In these
groups, the frequency of heat waves is projectduktenhanced by a factor of 4-5 compared
to the historical simulations, indicating 3—4 healves per year on average at the end of the
21% century. By contrast, the increase in the heatevemcurrence is roughly halved under the
low-concentration RCP 4.5 scenario (about two aeates per year on average). Simulations
with the SRES A1B scenario project an increase éetwthe two RCP scenarios, which is in

line with the average effective radiative forcirmg 2070-2099.
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Figure 3: Probability density functions (PDFs) afdt waves (orange) and severe heat waves
(red) frequencies for (A, B) EURO-CORDEX models5I&hd 50 km grid) forced by the
RCP 4.5 scenario, (C) ENSEMBLES models forced ®&ySRRES A1B scenario and (D, E)
EURO-CORDEX models (12.5 and 50 km grid) forcethbyRCP 8.5 scenario. Solid vertical
lines delimit the interquartile ranges of model siations for the near future while dashed

vertical lines represent the interquartile rangdsywdel simulations for the historical runs.

5 Conclusions and future perspectives

According to IPCC (2013), it is virtually certaihat there will be more frequent hot and
fewer cold temperature extremes over most landsaia it is very likely that heat waves
will occur with a higher frequency and duratioraipossible future climate. The thesis aimed
to strengthen the evidence from the observed daiically evaluated the capability of
climate models to simulate heat waves, and cortstluclimate change scenarios for heat
waves over Central Europe. Principal outcomes e@fifictoral dissertation are summarized as

follows:
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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 itlaes 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 modal a similar index may be also
used to assess severity of droughts, persistentfaliai snowfall and other

meteorological hazards.

The list of severe heat waves and cold spellsdbatirred over Central Europe since
1950 was established. Spatial patterns of temperaimomalies for each event were
visualized in maps, and heat waves (cold spellsg wkassified into four groups based
on their characteristics. The methodology enabpeating 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 inouddditional information about

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

Regional climate models driven by the reanalysisl ti® underestimate the magnitude
of the extraordinary 1994 heat wave. Those erroesewinked to simulation of
precipitation, because the RCM that considerabfjeuestimated the magnitude of the
1994 heat wave substantially overestimated thagtatton amount during this event.
Inasmuch as extraordinary heat waves are expeotdie¢ome one of the largest
hazards of global climate change, their improperuation is a serious deficiency of

current climate models.

Heat wave scenarios for a possible future Centmabjiean climate were constructed.
In the near future (2020-2049), the mean projetregliency 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 changgatibin 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), Wwhvould partially reduce impacts of

heat waves in a changing climate.
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1 Uvod a motivace

Horké a studené viny jsou vyznamnym rysem evropsKdimatu. Tyto udalosti jsou
vétSinou definovany jako dkolikadenni obdobi v 1€t(zim&) s extréma horkym (studenym)
pocasim. Horké viny maji zavazné dopady tiaquini prostedi i lidskou spoknost. Beniston
et al. (2007) zntfiuje zvySenou nemocnost a umrtnost, stres pro hésgadi volre Zijici
zvirata, poskozeni zeftélskych plodin, eni SKidci a nadnirné spoteba elektrické energie
pro poteby chlazeni. Bhem horkého léta 2003 ve Francii bylo zaznamenasetdisice
amrti z horka (Robine et al. 2008), snizené vyrmayedélskych plodin, niZzsi produktivita
rostlin (Bastos et al. 2004) a rekordni Ustup ledov Alpach (De Bono et al. 2004).
Analogické dopady byly pozorovanghem horké viny z roku 2010 v Rusku (Barriopedro et
al. 2011) a navic velké mnozstvi lesnich pazaagicinilo extrémni zné&sténi vzduchu
v nékolika ruskych nistech (Konovalov et al. 2011). Studené viny majnmiiné negativni
vliv na lidské zdravi, infrastrukturu a vegetacefvus et al. 2006; Barnett et al. 2012).

Od paéatku 20. stoleti byla v Evrépzaznamenana #vobdobi zvySeného vyskytu
horkych vin. Prvni nastalo vétyficatych a padesatych letech a bylo vyraziévazre
v zapadni Evrop (Della-Marta et al. 2007; Kysely 2008), zatimcalul, stale probihajici
obdobi z#alo v devadesétych letech. Nejintenzij@n horké viny v tomto obdobi se vyskytly
v letech 1994, 2003, 2007, 2010 a 2015 (Russa @0ab). Poslednich 25 let je vyjidrgich
i v dlouhodobém kontextu. Kysely (2010) analyzoueplotni fadu ze stanice Praha-
Klementinum (17752006) a pelom 20. a 21. stoleti byl nejextrési z hlediska intenzity
horkych vin. \&decké ¢lanky zabyvajici se prognlivosti studenych vin jsou méntasté
v porovnani s&mi, které se #nuji horkym vinam. Podle Kyselého (2008) se nejuggsi
studené viny v Evrap od paatku dvacatého stoleti vyskytly wyricatych letech. DalSi
vyznamné udalosti byly zaznamenany v anoru 1958im¢ 1962/1963, v lednu 1987 a
v zimé¢ 2009/2010 (Walsh a Phillips 2001; Cattiaux e2i10). Akoliv intenzita studenych
vin v Evro vykazuje odétyricatych let 20. stoleti zaporny trend, tento poktesizsi nez
rostouci trend intenzity horkych vin (Kysely 2008).

Vznik horkych a studenych vin je spjati®usSenim pevladajiciho zonalniho proéi
nad Evropou (Cattiaux et al. 2012), coz ma sousisktzv. atmosférickym blokovanim.
Atmosférické bloky jsou tvi@ny kvazi-stacionarnimi anticyklonami trvajicimden a vice
(Buehler et al. 2011) a vyskyg&dhto bloki je vazan na Rossbyho atmosférické viny
(Altenhoff et al. 2008), které jsou tkeny meandry velkého &fitka v tryskovém proushi

v horni troposfée. Podle Shuberta (2011) atmosférické blokovaniohkéicovou roli ve
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vyvoji horkych vin z roku 2003 a 2010 a Schneideeti al. (2012) zjistil, Zze blokujici
anticykléna nad zapadnim Ruskem se vyskytovalardvalelSi dobu, nez je v v tomto
regionu obvyklé. Horké viny mohou byt zesileny dieém pidni vlhkosti, ktery vede
k naristu teploty skrze omezené mnoZstvi enerdienpnéné na latentni teplo. &8ine
vyraznych horkych vin v Evrap deficit pidni vihkosti gedchazel (Fischer et al. 2007,
Barriopedro et al. 2011).

Intenzita studenych vin je v dobré korelaci s inetexSeveroatlantické oscilace (NAO),
ktery vyjaduje silu zonalniho prowdi (Scaife et al. 2005) a vyskyt studenych vin §&an
na ukité cirkulani typy (Kysely 2008). Atmosféricka cirkulace jevitav zimg ovliviiovana
kvazi-periodickymi zminami slunéni aktivity (Barriopedro et al. 2008; Huth et aD(B).
Krom¢ atmosférické cirkulace je intenzita studenych ghwvisla na fitomnosti sghové
pokryvky. Plavcova a Kysely (2016) zjistili, Zetnost severovychodnich cirkgfdch typi,
které jsou spjaty s vydatnym&enim (Bednorz 2011), jered z&atkem studenych vin ve
stredni Evrog vyznamm zvySena.

Z diavodu pedpokladaného nastu globalni teploty (IPCC 2013) panuji obavy, 2 s
dopady horkych vin budou zvySovatieBtoZe se obe&rocekava pokles intenzity studenych
vin v teplejSim klimatu, Francis a Vavrus (2012pmprnili na mozné zesileni atmosférického
blokovani v Euro-Atlantském regionu #wbdu vyrazného oteplovani v Arktidcoz mize
mit za nasledek zavagai studené viny, nez by odpovidalo zvySené gldkalpiot. Studené
viny mizou byt roviZ intenzivigjSi z divodu znén v atmosférické cirkulaci Zigobenych
moznym poklesem slutiei aktivity v nésledujicich desetiletich (Abreu at. 2008).
Vzhledem k moznému zvySeni intenzity horkych i stugth vin v budoucim klimatu, je
dulezité tyto udalosti lépe poznat zaelem zavedeni vhodnych adaftich a mitig&nich

opateni.

2 Cile prace

Hlavnim cilem této prace je analyzovat variabilitorkych a studenych vin v minulém,
souwasném a mozném budoucim klimatu. Zajmovym Uzemistigeini Evropa, ktera byla
v nedavnych letech postizena vyraznymi horkymi udshymi vinami. Postup v praci je

rozclen docétyt pracovnich blok (PB) uvedenych nize:
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e PB1l: Analyza c¢asové promnlivosti horkych a studenych vin pomoci (i)
meteorologickych stanic s dlouhymadami pozorovani a (ii) dat v pravidelné siti
uzlovych bod (gridu), které umaiuji zkoumat i prostorové aspek#chto udalosti

« PB2: Popis nejvyrazfgich horkych a studenych vin a vyhodnoceni extigmi
nedavnych udalosti v dlouhodobém kontextu

 PB3: Zhodnoceni schopnosti regionalnich klimatitkynodeti (RCM) simulovat
horké viny v historickém klimatu a zjistit moznérapk chyb

 PB4: Analyza zmny cetnosti a charakteristik horkych vin v mozném budou
klimatu v rdmci tiznych scénid koncentraci sklenikovych plyn

3 Zajmové uzemi, data a metody

Horké a studené viny jsou vyhodnocovany vedni Evrog, ktera je definovana na vice
neZ 600 000 kA piblizng mezi 4753° SS a 822° ZD. Podle Képpen-Geigerovy klasifikace
témet cela stedni Evropa lezi v mirném a celéons vihkém klimatu s teplymi léty (typ Cfb),
zatimco zbytek regionu v horskych oblastech vykazojsy sghového a pla vihkého
klimatu (typ Df, Kottek et al. 2006).ifPanalyze horkych a studenych vin byl kladémad na
jejich plosny rozsah za pouziti gridové databaz@HS (Haylock et al. 2008), protoze tato
charakteristika nebyl&asto v pedesSlych pracich uvazovana. Pouziti tohoto typyedatvic
vhodné pro validaci klimatickych modgljejichZ vystupem jsou meteorologické prame
v prostorové siti. ,Bodova“ stafmi data jsou nicménvyuZzita pro analyzu extremity
nedavnych horkych vin v dlouhodobém kontextu, pret@adna kvalitni prostorova data
nejsou pro tento typ studie dostupna.

Zmeny horkych vin v mozném budoucim klimatu jsou zk@umy s drazem na souvisejici
nejistoty plynouci z vy#ru scénée koncentraci sklenikovych plgnkombinace RCMxGCM
a prostoroveho rozliSeni klimatickych moiélePredchozi studie se totiz nezabyvadynito
nejistotami do detailu. @az je kladen na horké viny, které jsou povazovamyetSi hrozbu
v kontextu klimatické z@ny v porovnani se studenymi vinami, a navic vysikytenych vin
je ovliviovan zngnami slunéni aktivity, které nejsou zahrnuty v s@snych klimatickych
modelech. Red analyzou z#n horkych vin v ramci scéné koncentraci sklenikovych plyn

je vyhodnocena schopnost klimatickych madelpravié zachytit tyto udalosti, protoze

" Globalni klimaticky model
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identifikace slabych a silnych stranek klimatickyechodeh je dilezitd pro spravnou
interpretaci simulaci horkych vin v mozném budou&iimatu.

Vzhledem k porérné komplexnimu klimatu $dni Evropy jsou horké a studené viny
v této praci definovany na zakkdorahovych hodnot, zaloZenych nacitém kvantilu
teplotniho rozdeni. Pro popis intenzity jednotlivych horkych vioyl zaveden index
extremity, coZ je suma pozitivnich odchylek maxim&lenni teploty vzduchu od daného
kvantilu ve vSech uzlovych bodech ghbm vSech dinhorké viny, vazena gtem uzlovych
bodi ve stedni Evrog. Tento index kombinuje teplotu, délku a ploSnysadz jednotlivych

horkych a studenych vin a je analogicky pouZita piudené viny.

4 Vysledky a diskuze

4.1 Meziro¢ni proménlivost horkych a studenych vin

V obdobi 19562012 bylo ve $edni Evrog vymezeno 18 horkych a 24 studenych vin.
NejintenzivrgjSi horké viny (na zakladhodnoty indexu extremity) trvaly od 28rvence do
ostatni udalosti z hlediska indexu extremity, pt¥mrozsahu a délky (Zadna jind horka vina
nebyla delSi nez 5 dni). Nejsiigi studena vina se veistini Evrog vyskytla v Ginoru 1956.
Krome¢ vysoké hodnoty indexu extremityéha nejwtsi teplotni amplitudu, jeji jadro zasahlo
celou stedni Evropu a trvala 11 dni. Obé&cwzato, studené viny vykazujiétgi hodnoty
indexu extremity a teplotni amplitudy v porovnanhakymi vinami z dvodu wtSiho
rozptylu teplotniho rozteni v zine nez v 1é¢ (Cattiaux et al. 2012) a rovh kvili zapornym
hodnotam koeficientu Sikmosti (Toth and Szentim389). Diky tomu je levy okraj
teplotniho rozdeni v zimé nachylrgjSi k teplotnim extréiiom v porovnani s pravym okrajem
teplotniho rozdleni v |ét.

NejsilngjSi horkou vinu z roku 1994 (Obréazek 1a) Ize chemakovat jako rozsahlé pole
kladnych teplotnich odchylek s centrem v Polskbpjejadro (oblast, kde je suma kladnych
teplotnich odchylek &3i nez 10°C) postihlo Dansko, jizni Svédsko gmecko,
severovychodni Francii,Ceskou republiku, Rakousko, Slovensko, ddssko, Litvu,
LotySsko, zapadni &orusko a zapadni Ukrajinu. Nejvyrag$i studena vina v anoru 1956
nejvice zaséahla Francii, Svycarskasnecko, Rakousko, nyjEi Ceskou republiku a Polsko
(Obréazek 1b).
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Obrazek 1: Nejvyrazfsi horkd a studena vina verstini Evrog v obdobi 19562012.
Barevna Skala zobrazuje pole sumy kladnych (zapbinteplotnich odchylek od 95% (5%)

kvantilu letniho (zimniho) teplotniho rateni.

Extremita horkych vin z léta 2013 byla analyzovgmanoci dlouhych staémich fad.

V Kremsmuensteru a Styrském Hradci (Rakousko) gonni charakteristiky horkych vin

v tomto roce nejvyraziji za celé obdobi pozorovani ottlomu 19. a 20. stoleti. Navic na

MileSovce, ve Vidni, Hurbanovu, Lublani a Zébu byly sezénni charakteristiky horkych vin

v roce 2013 druhé nebéeti nej#tsi. Ackoliv Wijngaard et al. (2003) nalezli nehomogenity

v evropskych stathichtfadach s dlouhodobym pozorovanimeitaré stanice jsou ovlivmy

meéstskym tepelnym ostrovem, vyjimea extremita nedavnych horkych vin jéejma na

VétSine zpracovanych stanicgetns téch v hordch a malych stech.

4.2 Vyhodnoceni simulaci horkych vin v regionalnich kimatickych modelech

Byl vyhodnocen soubor sedmi simulaci RGiZenych reanalyzou ERA-40 (Uppala et al.
2005) z projektu ENSEMBLES (van der Linden and Mgt 2009). Modelovy gmeér
zachytil pozorované charakteristiky horkych vin gon¢ dolre, nicmég byly zjiS€ny

znané rozdily mezi jednotlivymi klimatickymi modely.GM mely tendenci simulovatifilis

mnoho kratkych horkych vin a navic jejich teplatharakteristika byla&tsi nez v pipac E-

OBS. Nedostatky byly zji8hy také pi simulaci meziréni i dlouhodoljSi pronenlivosti
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horkych vin. Intenzita nejzavaZ8i horké viny ve sedni Evrog zroku 1994 byla
podcerna ve vSech RCM (Obréazek 2).
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Obrazek 2: Mapy kumulovanych kladnych odchylek mmalxii teploty vzduchu od 95%
kvantilu letniho teplotniho rozténi mezi 23c¢ervencem a 6. srpnem 1994 pro kazdy RCM,

modelovy pémer a E-OBS.
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Vzhledem ktomu, Ze RCMfizené reanalyzou ERA-40 jsou schopny zachytit
velkoprostorové proushi (Sanchez-Gomez et al. 2009) i cirkua indexy (Plavcova a
Kysely 2012) nad #dni Evropou pogrné dolre, vazby zemsky povrch — atmosféra byly
zkoumany jako moznafiiina chyb v zachyceni horké viny 1994. Bylo g velké
nadhodnoceni sréZzekihem této horké viny wth RCM, které vyrazhpodcenily intenzitu
horké viny, zatimco simulace srazek byla blizeit&al RCM, které zachytily tuto horkou
vinu ponerné¢ doke (ETHZ-CLM, KNMI-RACMO2 a METNOHIRHAM). Toto zjidini je
v souladu s Fischerem et al. (2007) fktgzdvihli dilezitost spravné simulacdigni vihkosti

pro usgsSné zachyceni horkych vin.

4.3 Sceénde horkych vin v budoucim klimatu a jejich nejistoty

Pro vyhodnoceni zém horkych vin ve sedni Evrog v mozném budoucim klimatu a
posouzeni souvisejicich nejistot bylo pouzito Gawdaci RCM z projeki ENSEMBLES a
EURO-CORDEX (Jacob et al. 2014). V blizké budoutin@020-2049) modely simuluji
témei dvakrat étSi ¢etnost horkych vin v porovnani s historickym obdobfricemZ paet
zavaznych horkych vin se zvySuje dvakrat i##rat (Obrazek 3). NejtSi nejistoty prameni
z vykeru Klimatickych model, jelikoz rozdily mezi scéitakoncentraci sklenikovych plyn
jsou vtomto obdobi malé a né&fgi radi&ni pisobeni vramci scéid RCP 8.5 (vysokeé
koncentrace sklenikovych plghneni spjato s neftSim nafistemcetnosti horkych vin.

Na konci 21. stoleti (20A2099) jsou zrany cetnosti horkych vin siké zavislé na
zvoleném scérfakoncentraci sklenikovych plyn NejwtSi nafist byl zjiS&n v rAmci scén@
RCP 8.5, kde je @kavan ¢tyi- az @tinasobny ndarst patu horkych vin v porovnani
s historickymi simulacemi, coZz znamena vrpéru 3-4 horké viny za sezénu. Na druhou
stranu, nérst horkych vin je zhruba polani vramci scén@& RCP 4.5 s nizkymi
koncentracemi sklenikovych plgn(priblizné dvé horké viny za sezénu). Simulace v ramci
scén&ée SRES A1B predikuji nast horkych vin v hodnét mezi déma vySe uvedenymi
scéndi, coz odpovida gimérnému radianimu pisobeni pro obdobi 2072099.
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Obrazek 3: Funkce hustoty praymbdobnosticetnosti vSech horkych vin (oranZpa pouze
zavaznych horkych vindrvere) pro (A, B) modely EURO-CORDEX (12,5 a 50 km grid)
pouzivajici scénaRCP 4.5, (C) modely ENSEMBLES se stemaSRES A1B a (D, E)
modely EURO-CORDEX (12,5 a 50 km grid) pouzivaiéng RCP 8.5. PIné svisléary
ozna'uji mezikvartilové rozii modelovych simulaci pro blizkou budoucnost, nzedi

vz

prerusovanedry reprezentuji mezikvartilové razppro historické simulace.

5 Zavér a vyhledy do budoucna

Podle IPCC (2013) je téjisté, Ze se v budoucim klimatetnost teplych extréinzvysi,
zatimco u studenych dojde k poklesu S regioni, a Ze horké viny se budou s velkou
pravdEpodobnosti vyskytovatastji a s delSi dobou trvani. Cilem této prace je \driuiit
promenlivost horkych a studenych vin pomoci pozorovanydat, kriticky zhodnotit
schopnost klimatickych model simulovat horké viny a vytwi scéndée horkych vin
v mozném budoucim klimatuistni Evropy. Hlavni zavy disert&ni prace jsou shrnuty
nize:
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Byl navrZzen a otestovan index extremity horkychuaenych vin pro gedni Evropu.
Tento index je zaloZzen na kombinovaném efektu taplcharakteristiky, délky trvani

a plodném rozsahu jednotlivych udélosti. JelikaZein neni zavisly na hustosit
uzlovych bod a mist pouziti, nize byt aplikovan na jina data nebo v ramci jiného
regionu. Index extremity byl pouzit i pro analyznienzity horkych vin v klimatickych
modelech a navic podobny indexie byt také vyuZzit pro vyhodnoceni miry sucha,

vydatnosti de$t sreZeni a jinych nebezpeych meteorologickych jév

Byl vytvoien seznam horkych a studenych vin, které se vyskgtistedni Evrog od
roku 1950. Prostorova pole teplotnich anomalii Ipyla kazdou udélost vykreslena do
map a horké a studené viny byly klasifikovany &g skupin na zaklad svych
charakteristik. PouzitA metodika unfiofe aktualizovat tento seznam up&zné
aktualizovat a tyto horké a studené viny mohou rgjtriklad pouzity jako analogy
k simulovanym udalostem v mozném budoucim klim&eznam horkych a studenych
vin mize byt dale roz&van napiklad pidanim informaci o zjsobenych Skodach

nebo gicinnych faktorech jednotlivych udalosti.

Regionalni klimatické modelyizené reanalyzou maji tendenci patimeat intenzitu
vyjimec¢né horkeé viny z roku 1994. Tyto chyby byly spjagyssmulaci srazek, protoze
jeji nejwtSi podcenni souviselo s vyraznym nadhodnocenim srazkovyamalia
naopak. JelikoZ takto extrémni horké viny jsou gawaény za jedno z nejtdich
nebezpéi globalni klimatické zrny, nespravna simulace podobnych udalosti je

vaznym nedostatkem sgasnych klimatickych mode!

Byly vytvoieny scénge horkych vin pro $edni Evropu pro mozné budouci klima.
V blizké budoucnosti (202@049) je pedpokladany p&et horkych vin téré dvakrét
vetSi (15 horkych vin za desetileti) v porovnani stdnickym obdobim a tato hodnota
je podobna pro vSechny scémd&oncentraci sklenikovych plgnNa druhou stranu,
simulovana ¢etnost horkych vin na konci 21. stoleti— udalosti za sezénu,
2070-2099) je zavisla préavna zvoleném scétiatakze snahy o mitigaci klimatické
zmeny skrze snizovani emisi sklenikovych plyby byly pravépodobré G¢inné
pouze v dlouhodobém horizontu. Nicrgga mozné zavest vhodna adajptiaopatent,
napiklad ta doportiovana Evropskou platformou préizpusobeni se zeém¢ klimatu
(http://climate-adapt.eea.europa.eu), kterd maldmti€ne snizit dopady horkych vin

v ménicim se klimatu.
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