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Abstrakt

Vzhledem k pozorovanym zméndm ve
srazkovych charakteristikach predstavuji
srazky v podobé intenzivnich srazkovych
udalosti vyssi potencialni nebezpedi a to
nejen z hlediska vyskytu bleskovych po-
vodni. Prestoze informace o charakteris-
tikach individualnich srazkovych udalosti
jsou dulezité z pohledu mnoha hydrologic-
kych aplikaci, individualni srazkové uda-
losti a jejich charakteristiky nejsou (na-
rozdil od jinych ukazateli dennich/sub-
dennich srazkovych thrnt/intenzit) v sou-
casné dobé objektem zdjmu mnoha stu-
dii. Diserta¢ni prace prinasi komplexni
analyzu charakteristik intenzivnich sréazko-
vych udalosti v Ceské republice zalozenou
na pozorovnych datech a rozsahlém sou-
boru simulaci regionalnich klimatickych
modelt (RCM), kterd je navic doplnéna o
rozbor korela¢ni struktury mérenych sraz-
kovych dat na prikladu Kralovéhradec-
kého kraje. Vzhledem k tomu, zZe simu-
lace RCM reprezentuji prostorovy prumeér
v gridboxech, byl vyhodnocen také efekt
prostorového primérovani srazkovych dat
na charakteristiky udalosti. Evaluace sraz-
kovych udélosti simulovanych RCM pak
byla provedena podle nékolika ukazatela
vzhledem k bodovym a prostorové prime-
rovanym pozorovanym datum pro kont-
rolni obdobi 1981-2000. Pro dvojici scéné-
fovych obdobi (2020-2049 a 2070-2099)
byly nasledné vyhodnoceny zmény v cha-
rakteristikach srazkovych udélosti a to
vcetné jejich provazanosti s predpoklada-
nymi zménami v radiaénim pisobeni a
teploteé.

Klicova slova: atmosférické srazky,
prostorova zavislost, klimatické
modelovani, RCM, zména klimatu, Ceské
republika

iv

Abstract

Precipitation in the form of heavy rain-
fall events is of significant societal con-
cern, not only due to the potential for
more frequent flash floods, after evidence
of changes in rainfall characteristics has
recently strengthened. Despite the impor-
tance of individual rainfall events with
respect to many hydrological applications,
only a few studies dealt with characteris-
tics of individual rainfall events (in con-
trast with the other daily/sub-daily in-
dices of rainfall depths/intensities). Dis-
sertation thesis presents a comprehensive
analysis of heavy rainfall event character-
istics for the Czech Republic derived from
observed data and large ensemble of re-
gional climate model (RCM) simulations.
In addition, spatial correlation structure
of observed rainfall data at a mesoscale re-
gion of north-eastern Bohemia was analy-
sed. Since an RCM grid box represents
a spatial average rather than a point mea-
surement, the effects from areal averag-
ing of rainfall data on characteristics of
events were investigated considering the
observed data. Characteristics of rainfall
events were evaluated according to sev-
eral indices against the at-site and area-
averaged observed data for the control
period 1981-2000. The changes of rain-
fall event characteristics were assesed over
two scenario periods (20202049 and 2070
2099) with respect to control period. We
analysed also relations between changes
in simulated rainfall event characteristics
and changes in radiative forcing and tem-
perature.

Keywords: rainfall, spatial dependence
estimation, climate modeling, RCM,
climate change, Czech Republic
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Kapitola 1
Uvod

Potencidlni zmény srazkovych charakteristik spojené se zesilenym vlivem
sklenikového efektu mohou mit zdvazné dopady na lidskou spole¢nost. Napf.
stfedni Evropa byla v poslednich desetiletich postizena mnozstvim povodno-
vych udélosti (Kundzewicz et al. 2005; |Kundzewicz|2012)). Zejména bleskové
povodné, zpusobené lokalizovanymi velmi intenzivnimi kratkodobymi srazko-
vymi udalostmi, mohou byt v budoucnu jesté intenzivnéjsi diky dynamickym
zpétnym vazbam (Lenderink et van Meijgaard|2008; Berg et Haerter 2013
Millan 2014]). Stale vétsi mnozstvi studii z celého svéta upozornuje na in-
tenzifikaci extrémnich hydrologickych situaci. Narust extrémnich dennich
srazkovych intenzit je v soucasné literatufe ¢asto zminovan (napf. Alexander
et al.[[2006; Trenberth|[2011; [Westra et al.[2014)), avSak pravé z hlediska
bleskovych povodni nebo degradace pudy vlivem vodni eroze se jevi dilezité
sledovat srazkové extrémy v kratsim casovém méritku a jesté lépe z pohledu
individudlnich srazkovych udalosti (potencidlné nejnebezpecnéjsi srazkové
udalosti o vysoké intenzité maji zpravidla kratkou dobu trvani v faddu nékolika
hodin).

Charakteristiky individuélnich srazkovych udalosti (jako je srazkovy thrn,
doba trvani nebo intenzita) a jejich potencidlni zmeény, a zejména téch ex-
trémnich, nejsou v soucasné literature dostatecné feSsenym tématem a to
hned z nékolika duvodu. Pro identifikaci individudlnich udalosti a pripadnych
trendd zmén v jejich charakteristikdch jsou nezbytné kvalitni dlouhodobé
rady srazkovych dat v alespon hodinovém kroku, které v soucasné dobé
neexistuji v dostatecném prostorovém pokryti pro velkou ¢ast Zemé (Westra
et al.|2014)). Dalsi prekézkou se jevi slozitost a narocnost feSeni fyzikalnich
procesu tvoricich kratkodobé srazkové extrémy (do kterych navic zasahuji
jesté lokdlni vlivy, napf. orografie), s nimiz se musi vypordadat klimatické
modely (Stocker et al.[2013).

Disertacni prace ma prispét k tématu srdzkovych charakteristik a jejich
potencidlnich zmén predevsim analyzou charakteristik intenzivnich srézko-
vych udalosti pro Ceskou republiku vychézejicich z hodinovych dat relativné
velkého souboru simulaci nékolika regionalnich klimatickych modela (RCM).
Pred rozborem individualnich srazkovych udélosti je vSak nezbytné nejprve
plné porozumét pozorovanym srazkovym dattm. Z tohoto divodu byla v
pozorovanych datech, kromé efektu prostorového prumérovani bodovych sraz-



1. Uvod

kovych dat na srazkové udélosti, analyzovana také mezistani¢ni prostorova
korela¢ni struktura srazkovych thrntu v regiondlnim méfitku (na prikladu
Kralovéhradeckého kraje).

B 1.1 Cile disertaéni prace

Disertacni prace byla od poc¢atkt mého studia zamérena na analyzu srazko-
vych dat na tizemi Ceské republiky pochazejici z nékolika zdroji (v navaznosti
na diplomovou praci Porovnani srazkovych thrnu predpovédénych modelem
ALADIN s interpolovanymi bodovymi mérenimi pro oblast Jesenikii). Pred-
stavovand studie vychazi z pozemnich srazkomérnych dat a simulaci RCM.
Ackoliv hlavni zaméreni studie sméfuje k individualnim srazkovym udalostem,
jejich charakteristikim a budoucim zménam, prvni ¢ast prace byla zamétfena
na samotnou prostorovou korelac¢ni strukturu mérenych srazkovych dat, ktera
je nedilnou soucasti i pro studium klimatickych zmén a validace simulaci
RCM (jako soucast projektu IGA CZU ¢.20124256 — Studie moznych projevii
klimatickych zmén na uzemi Kralovéhradeckého kraje). Pro druhou ¢ast préce
se naskytla ptilezitost vyuzit nové dostupnd hodinova data ze simulaci néko-
lika RCM a zanalyzovat doposud nepiilis probddanou oblast individudlnich
srazkovych udalosti odvozenych z pozemnich méreni a simulaci RCM. Hlavni
cile disertacni prace jsou tedy rozdéleny nésledovné:

1. Prostorova korelac¢ni struktura srazkovych dat v regionalnim méritku,

® popis korela¢ni struktury srazkovych thrni (na prikladu Krélo-
véhradeckého kraje a mési¢nich dat) tfemi riznymi korela¢nimi
metrikami a Sesti korela¢nimi modely,

B vyhodnoceni Casové variability v parametrech korela¢nich modela
(sezonni diference, klouzavé desetileté prumeéry),

® vyhodnoceni prostorové variability v parametrech korela¢nich mo-
delu (zavislost na nadmorské vysce, variabilita v kraji zobrazend
pomoci Voronoiovych polygonti).

2. Charakteristiky srazkovych udalosti v Ceské republice,

® analyza efektu prostorového primeérovani mérenych srazkovych dat
na individudlni srazkové udalosti,

B evaluace charakteristik simulovanych srazkovych udalosti vici mé-
fenym dattm,

® vyhodnoceni budoucich zmén v charakteristikich simulovanych
srazkovych udalosti.

B 1.2 Struktura disertaéni prace

Prezentovana disertacni prace ma forméat komentovaného souboru publikova-
nych praci. V resersni ¢asti prace (Kapitola 2) jsou blize popsdna vybrana
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1.2. Struktura disertacni prace

témata tykajici se méfeni a zdkladniho zpracovani srdzkovych dat, srazkovych
extrému a identifikace srdzkovych udalosti a téz klimatického modelovani a
projekci budoucich zmén ve srazkovych datech. Kapitola |3/ uvadi publikované
¢lanky, véetné stru¢ného popisu pouzitych dat, metodiky a nejvyznamnéj-
sich vysledku. Diskuze a vyhodnoceni publikovanych poznatki nasleduje
v Kapitole 4. Vlastni publikace v origindlnim provedeni jsou pak obsahem
prilohovych ¢asti:

® (A) Spatial correlation structure of monthly rainfall at a mesocale region
of north-eastern Bohemia (Svoboda et al.|[2015)),

® B) Characteristics of rainfall events in RCM simulations for the Czech
Republic (Svoboda et al.|2016a)),

® C) Projected changes of rainfall event characteristics for the Czech
Republic (Svoboda et al.[2016b)).






Kapitola 2

Literarni reserse

B 2.1 Mévenia zpracovani srazkovych dat

Zakladnim zdrojem ziskdvani srazkovych dat vyuzivanych v hydrologii jsou
sité pozemnich srazkomeért. Z téchto bodovych dat mizeme pomoci interpo-
la¢nich metod ziskat informace o plosném rozlozeni srazek potiebné pro dalsi
hydrologické aplikace. OvSem samotné méieni srazkovych dhrnd pozemnimi
srazkoméry je v dnesni dobé z mnoha pohledu limitujici a velmi cennymi se
stavaji informace o prostorovém rozlozeni srazkovych objektu v atmosfére a
informace o srazkovych thrnech pred jejich dopadem na zemsky povrch. Pri
komplexnosti a proménlivosti srazkovych procesi v prostoru a case se jedna
o velmi slozity ukol, k jehoz dosazeni je potfebné vytvorit komplexni systém
se zahrnutim vsSech dostupnych méricich metod a vypoctovych pristupi.

S ohledem na zdroje srazkovych dat vyuzitych v préaci jsou uvedeny zdkladni
informace tykajici se méfeni pozemnimi srazkoméry (Kapitola 2.1.1), pro
komplexnost doplnéné také o nékolik zakladnich informaci o distan¢nim
méfen sréazek (Kapitola [2.1.2)). P¥i zpracovani méfenych srazkovych dat pro
potfeby studie bylo vyuzito nékolik interpolacnich metod (Kapitola .
Teoretické podklady tykajici se korelacni struktury ve srazkovych datech pak

poskytuje Kapitola

B 2.1.1 Pozemni méFeni srazek

Meéreni srazkovych thrnu na se provadi srazkomeéry, piipadné totalizatory na
urceném misté, jednd se tedy o tzv. bodové méfeni. Dingman| (2002) uvadi,
ze presnost srazkomérnych méreni je ovlivnéna, kromé vhodného umisténi
srazkoméru, také ztratami ptisobenim vétru, odparovanim, adhezi destovych
kapek na sténach nadoby nebo ztratou vysplouchnutim destové vody pti
dopadu kapek.

Diive pouzivané ombrografy (Kvéton et al.[2004) byly s postupnou auto-
matizaci v meteorologickych méfenich nahrazeny modernéjsimi a presnéjsimi
¢lunkovymi, vihovymi nebo nejmodernéjsimi optickymi srazkoméry. V nasich
podminkéch (a ve srazkomérné siti Ceského hydrometeorologického tistavu)
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2. Literarni reserse

B Clunkové srazkoméry

Princip méreni ¢lunkovym srazkomérem spociva na pohybu déleného ¢lunku
podél sttedové osy. Destové srazky jsou vedeny ze sbérné nadoby (se zdchytnou
plochou obvykle 500 cm?) vytokovym otvorem do horni poloviny pieklapéciho
¢lunku. Po naplnéni ¢lunku nadefinovanym mnozstvim srazek (nejéastéji 0.1
mm) dojde k jeho pteklopeni a za¢ind se plnit druhy ¢lunek. Kazdé pieklo-
peni je registrovano sepnutim kontaktu a je zaznamenéno v mérici stanici.
Pocet preklopeni se registruje v minutovych intervalech a do databéaze jsou
zaznamenavany nejcastéji desetiminutové sumy thrnu. Takto ziskany detailni
casovy prubéh sriazky je pak mozno vyuzit také ke stanoveni srazkovych
intenzit. Nejistoty do méfenych dat mohou prindset mechanické problémy
preklopného zarizeni nebo technické problémy pii prenosu dat, pravidelna
kontrola a idrzba priichodnosti srazkoméru je téz dulezita. P¥i intenzivnich
destich mize dochézet k chybam tak, ze do pravé preklopeného ¢lunku natéka
¢ast srazky urcend uz druhému clunku a dochézi tak ke ztraté (podhodnoceni)
méreného thrnu (Sevruk|2004)). Chyby pii méfeni ¢lunkovymi srazkomeéry
jsou tedy velmi zavislé na intenzité srazek a casovém meéritku zdznamu, |Ciach
(2003) uvadi, ze nejvyznamnéjsi chyby vznikaji pfi méfeni intenzivnich srazek
v kratkém cCase. Z toho divodu byva u modernich typu srazkomeéru aplikovana
korekce namérenych hodnot podle okamzité intenzity srazek.

B Vahové srazkoméry

Vahové srazkoméry pracuji na principu nepretrzitého zaznamu hmotnosti
nadoby s akumulovanou srdzkou. Vazicim mechanismem jsou tenzometrické
vahy, které pracuji s vysokou presnosti a rozlisenim. Tomu odpovida i citlivost
méfeni srazek, az 0,01 mm srazky. Védha je ptripojena na fidici jednotku, ktera
kontinentalné vyhodnocuje méreni a 7idi dalsi ¢asti srazkomeéru. V letnim
obdobi je do sbérné nadoby pridan olej nebo jind latka, kterd zabranuje
evaporaci, v zimnim obdobi je nddoba plnéna nemrznouci smési. Timto typem
srazkoméru lze mérit spolehlivé i pevné srazky bez prodlevy nutné pro jejich
roztati. Presnost vihového srazkoméru neni, oproti ¢lunkovym srazkomértm,
negativné ovlivnéna pri velkych srazkovych intenzitach. Ovlivnéni vazeni
vzorku vétrem lze do jisté miry eliminovat instalaci protivétrnych zabran,
nékteri vyrobci doporucuji soucasné mérit rychlost vétru u srazkomeéru a
provadét potom korekci na méteny vitr. Nevyhodou vahového srdzkoméru je
slozité odfiltrovani jevi, které mimo vlastni srazku ovliviiuji hmotnost vzorku.

B Kvalita srazkovych ¥ad

Zavedeni automatizovanych méfeni vSak mize byt také zdrojem nehomogenit
v mérenych meteorologickych radéach, coz je potfeba brat v potaz zejména
pfi soucasnych pozadavcich na kvalitu srazkovych fad a jejich pripadné ho-
mogenizaci s ohledem na problematiku studia zmén klimatu (Knézikova et al.
2010). Pravé pro studium zmén klimatu jsou vyuzivany srazkové fady, které
jsou z velké ¢asti zalozeny na zdznamech ombrografi. Nezbytnou soucéasti
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2.1. Méreni a zpracovani srazkovych dat

digitalizace ombrogramu (analogovy zapis méfeni z ombrografu) je také kon-
trola kvality zamérend na doplnéni poskozenych nebo chybéjicich zaznamu
za vyuziti dalsich dostupnych zdroju srazkovych dat. Podrobny postup pou-
zivany pro digitalizaci a kontrolu historickych srazkovych zéznamt v Ceské
republice udava Kveéton et al.| (2004). Pfesny popis konkrétnich srazkovych
fad pouzitych v prezentované praci je uveden dale v Kapitole [3.1.1L

B 2.1.2 Distan¢ni méfeni srazek

Mezi nastroje pro distanéni pozorovani srazek se zarazuji meteorologické
druzice a meteorologické radiolokatory.

B Meterologické druzice

Meteorologické satelity se mohou v rdmci tzv. Svétového meteorologického
kosmického systému rozdélit do dvou zékladnich skupin, na polarni (napf.
NOAA — National Oceanic and Atmospheric Administration), se stfedni vys-
kou letu kolem 1000 km a obéZznou dobou doba nejcastéji od 100-120 minut
a geostacionarni (napt. METEOSAT), obihajicich Zemi ve vysce necelych
36 tisic kilometri v roviné zemského rovniku jednou za 24 hodin. Pfednosti
meteorologickych druzic jsou vyuzitelné predevsim pro kratkodobé meteoro-
logické predpoveédi, monitorovani nebezpecnych hydrometeorologickych jevi

mezosynoptického méritka, ale také pro numerické modelovani a studium
variability klimatu.

B Meterologické radiolokatory

Pokroky ve vyvoji radarovych technologii umoznuji idealni vyuziti radaru
pro presné monitorovani srazek na sledovaném tzemi, meteorologicky radar
je schopen zachytit prostorové kontinualni rozlozeni srazkovych poli véetné
jejich trojrozmérné struktury a pohybu. Funkce radaru spociva ve vyzarovani
elektromagnetické energie v omezenych pasmech (viz napt. Doviak et Zrni¢
1993)). Pfi zasazeni sréazky je energie ¢astecné absorbovdna, rozptylena a
odrazena. Cést odraZzené energie se vraci zpét k vysilaci v ¢ase 2t (za Cas
t dosédhne signal objektu odrazu), pficemz elektromagnetické viny se Sifi
rychlosti svétla. Kvili atlumu signdlu pri interakei s destém musi byt odrazena
energie upravena a zesilena tak, aby se daly porovnat odrazy z riznych dosahu
(vzdalenosti od vysilace k cili odrazu), pri¢émz i v obdobi pfed a po srazce se
v pozadi vyskytuje ruch, ktery je nutno odfiltrovat. Srazkovy thrn (R) poté
souvisi s méfenou odrazivosti radaru (Z) podle zékladniho vztahu Z = aR?,
kde a, b jsou experimentalné zjisténé konstanty zavisejici na lokaci, druhu
srazky, velikosti kapek a dalsich parametrech (pfehled konstant odvozenych
dle riznych autoria udava napt. Bras|[1990)).

Radarova pozorovani vsak ukazuji pouze okamzita rozlozeni intenzit srazek
v diskrétnich casech. Potfebujeme-li ur¢ovat mnozstvi srazek za delsi obdobi
(fddové hodiny), musime pocitat s kumulaci chyb. Z duvodu velké prostorové
i casové proménlivosti intenzit srazek je nutné pouzivat co nejkratsi interval
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méfeni (5 minut a méné). Celkové chyby urCovani intenzit srazek pomoci
radaru jsou radu desitek az stovek procent, ¢astecné mohou byt snizeny
vhodnym zpracovanim dat (Kracmar|2002)). Pro ziskdni co nejpresnéjsich dat
je dulezitd konfigurace radaru s ohledem na vysledky méteni ze sité pozemnich
bodovych srazkomeértu (Chumchean et al. [2006).

B 2.1.3 Interpolace srazkovych dat

Procesem interpolace lze dosahnout odhadu daného jevu v libovolnych bo-
dech nebo celé plose na zakladé vyuziti méreni jevu ve vybranych mistech
v zadjmové oblasti. Z hlediska matematicko-statistického reseni existuji dveé
zékladni skupiny interpola¢nich metod: deterministické a statistické. U deter-
ministickych metod je interpolace neznamé hodnoty zalozena na mérenich
v okoli neznamé hodnoty a je ur¢ovana pomoci vhodné deterministické funkce
bud na zakladé stupné podobnosti hodnot nebo stupné vyhlazeni ve vztahu
k sousednim datovym bodtm. Druhé skupina interpola¢nich metod je tvorena
geostatistickymi metodami, jez jsou zalozeny na statistickém modelu, ktery
v sobé obsahuje spoleéné s prostorovou autokorelaci jevu rovnéz apriorni
predpoklad neurcitosti mezi mérenymi body.

Interpolacni metody mohou byt klasifikovany jako lokalni nebo globalni.
Lokalni interpola¢ni metody tesi odhad hodnoty podle dat ze sousednich
meéricich boda na mensich plochach nez je celkova zdjmovéa oblast. Naopak
globalni interpola¢ni metody vyuzivaji k odhadu vsech dostupnych bodu
v celé zajmové oblasti (Burrough et McDonnell|1998; Kraus [2007)). [Burrough
et McDonnell (1998) dale zminuji rozliSeni na interpola¢ni metody exaktni a
inexaktni, podle srovnatelnosti odhadu s mérenymi hodnotami. Rozdilnost
mezi odhadovanou a mérenou hodnotou se vyuziva jako statisticky podklad
pro vyhodnoceni odhadu kvality interpola¢niho modelu.

V prubéhu feseni disertac¢ni prace byly pti zpracovani srazkovych dat vyuzity
dvé zakladni deterministické metody, konkrétné bézny aritmeticky prameér (pii
vyhodnocovani efektu prostorového primeérovani srazkovych dat na srazkové
uddlosti, Kapitola [3.3.1) a Inverse Distance Weighting (IDW; pro doplnéni
chybéjicich srazkomérnych zaznamiu, Kapitola 3.1.1). Déle pii posuzovani
anizotropie v prostorové korelacni strukture (viz nasledujici Kapitola 2.1.4)
byla pro tvorbu 2-D korela¢nich map vyuzita metoda Ordinary Kriging (OK).
Tyto interpola¢ni metody jsou popsany v textu dale. Metoda optimélni
interpolace (vyuzivajici prostorovou korelaéni strukturu srazkovych dat),
ktera je v dalsim textu zminovana jen doplinkové, byla podrobnéji popsana v
diplomové préci (Svoboda;2010).

B Pramérové metody

Primérové metody vychézi z rovnice [2.1, kde odhad srdzkovéhu dhrnu P je
dén jako:

G
P = ngpg, (2.1)
g=1
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2.1. Méreni a zpracovani srazkovych dat

kde wy je vaha hodnoty srazky a p, hodnota srazky v bodé g, pficemz musi
byt splnéna podminka [2.2:

G
D> wy =1 0<wy <1, (2.2)
g=1

Aritmeticky prumér je nejjednodussi primd, deterministickd metoda. Vaha
hodnot wy z rovnice 2.1 je zde nahrazena hodnotou 1/G pro vSechna mé-
feni ve zvolené oblasti, ¢imz dostavame aritmeticky primeér vsech hodnot.
V pripadé potfeby muze byt zahrnuta do primeéru i stanice sousedici se za-
jmovou oblasti. Nevyhodou této zakladni metody je, Ze sledovany jev muze
byt vyrazné zkresleny.

B Metoda IDW

Interpola¢ni metoda inverznich vzdalenosti neboli IDW (Inverse Distance
Weighting) je deterministickd, exaktni metoda. Zaklady vypoctu popisuji
napr. Tabios et Salas (1985). Metoda IDW predpoklada, ze vliv kazdého
nameéreného bodu na interpolované hodnoty se vzdalenosti klesa, vahy hodnot
jsou tedy urceny na zakladé vzdalenosti mezi bodem stanoveni hodnoty srazky
J a body namérené hodnoty g. Potom je vdha méficiho bodu g ddna podle
rovnice [2.3| jako:
Wig = Gf(ﬁ, (2.3)
> fldjg)
g=1

za predpokladu, ze funkce je zavisla jen na vzdalenosti bodi j a g potom
muzeme vyjadrit f(d;g) podle rovnice 2.4

fdjg) = djg, (2.4)

kde dj, je vzdalenost mezi body j a g a r exponent definovany uzivatelem. Pro
exponent r se Casto pouziva hodnota 2 (pak se jednd o Inverse Distance Square
Interpolation). Vyssi hodnota exponentu r znamend vétsi vliv nejblizsich
hodnot (Jufikovska 2009).

Po ziskani odhadii srazky p;- (rovnice [2.5)) v pravidelné siti bodu je mozno
stanovit plos$ny priamér v dané oblasti.

G
p; = Z WjgDg- (2.5)
g=1

Bartier et Keller| (1996) udévaji jesté zjednoduseny bindrni zptisob stanoveni
vah, kdy se stanovi wj, = 1 pro g nejblizsich bodt k interpolovanému bodu,
nebo pro g bodiu lezicich do stanovené vzdalenosti od interpolovaného bodu
a pro ostatni pfipady bude w;, = 0, tento pfipad je ve své podstaté pouzit
u interpolaci, kde je zahrnut pouze vliv jedné nejblizsi stanice. Metoda IDW
ma nevyhodu, ze nevytvari ,hladkou* plochu, protoze neexistuje derivace
funkce ve vsech jejich bodech (Kraus 2007)).
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B Kriging

Krigovanim oznacujeme soubor geostatistickych metod urcovani lokalniho
odhadu bud v bod¢, kde nebylo provedeno méreni (bodovy odhad) nebo
v relativné malé plose (blokovy odhad). Existuje celd fada modifikaci krigova-
cich schémat, pficemz nejbéznéjsimi typy krigovani jsou: zékladni (ordinary)
kriging (OK), jednoduchy (simple) kriging a univerzalni (universal) kriging
(Horak [2011)).

Tabios et Salas| (1985)) popisuji zakladni OK jako geostatistickou interpo-
la¢ni techniku podobnou optiméalni interpolaci, kde je prostorova korela¢ni
funkce nahrazena tzv. variogramem. Stejné jako optiméalni interpolace, Kri-
govani vyzaduje, aby sledovany jev byl staciondrni druhého tadu. Takze
za predpokladu homogenity stfednich hodnot, varianci a kovarianci navic
predpokladédme izotropni prostorovou strukturu kovariance. Bodova variance
je reprezentovéna jako var(p,) = o2, pro g = 1,2,...,G stanic a kovari-
ance mezi stanicemi g a h je déna jako cov(pgpp) = cov(dgp). Potom je
semivariogram homogenni a izotropni a je definovan jednim z tvari 2.6,

Y(dgn) = §Uar[pg — pnl,

V(dgh) =0’ — Cov(dgh)a

(2.6)

kde y(dgp) je semivariogram jako funkce vzdélenosti mezi body g a h.

Vychézime-li z metody optimdlni interpolace v niZ jsou vadhy hodnot w;, od-

2

vozené minimalizac{ rozptylu interpolaéni odchylky o2, tedy o2 = var[p; — pjl,

kde p;- je odhad hodnoty srazky p; (viz rovnice 2.5), dostaneme po rozepsani
rovnici [2.7¢

G G G

02 =0 =2 wjgeov(ppg) + Y D wigwincov(pgpn),  (2.7)
g=1 g=1h=1

do které mizeme misto kovarianci mezi stanicemi dosadit vztah podle rovnice
2.6, ¢imz dostavame tvar 2.8

G G G
02 = 0% =2 wjglo® —(djg)l + Y D wigwinlo® —v(dgr)].  (2.8)
g=1 g=1h=1

Po minimalizaci rovnice vzhledem k vaham ziskame zakladni vztah (2.9)),
ktery musi byt feSen soubézné pro stanoveni vah wjp,,

G
Z w]h[’)/(dgh) - 02] = ’Y(djg) - 02; g = 1) 2) ey G (29)
h=1

Rozptyl odchylky interpolace (2.10) vychazi z rovnic 2.8 a [2.9:
G G
62 = 0?1 =D wigl + Y wigv(djg), (2.10)
g=1 g=1
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2.1. Méreni a zpracovani srazkovych dat

kdy opét z divodu nestrannosti odhadu musi platit podminka pro soucet vah
2.11k

G
> wjg=1. (2.11)
g=1

Po zavedeni Lagrangeova multiplikdtoru A do vypoctu ziskdme minimalizo-
vanou rovnici [2.12 s podminkou [2.13}

G

Y winy(dgn) + A = v(djg), (2.12)
h=1

G
> wjp =1, (2.13)
h=1

které musi byt feseny soubézné pro uréeni vah. Rozptyl interpola¢ni odchylky
je poté dan podle vztahu [2.14:

G
62 = wigy(djg) + . (2.14)
g=1

V pripadé nesplnéni podminek stacionarity stfedni hodnoty a struktu-
ralni funkce, Delfiner et Delhomme, (1975)) doporucuji pouziti univerzalniho
krigovani, kde je stfedni hodnota jevu p;j v interpolovaném bodé (z;,y;)
reprezentovana jako linedrni kombinace stfednich hodnot méficich bodi py.

Jak bylo feceno v ivodu, kriging pro vyjadfeni prostorové zavislosti vyuziva
variogramu. S ohledem na homogenitu a izotropii, Delhomme| (1978|) udéva
fadu modelu prolozeni variogramu 7(d). Nejvyznamnéjsi modely variogramu
(linedrni, polynomicky, exponencidlni, Gaussuv a sféricky model) popisuji
Tabios et Salas (1985). Flexibilni Matérniv model pak predstavuji Minasny
et McBratney| (2005)).

K aplikaci modelového prolozeni je nejprve tieba odvodit vzorovy (tzv.
sample) variogram podle vztahu 2.15 (Tabios et Salas|1985):

N
() = gy Alpglt) — 5] — [pn(t) — pilY (215)
t=1

kde py(t), pp(t) jsou namérené hodnoty srazek v bodé g, resp. h v intervalu ¢
pfit=1,2,...,N, kde N je poCet namétfenych hodnot a py, pj, jsou prumérné
hodnoty srazek namérenych v bodé g, resp. h. Pro celkovy pocet G stanic tedy
dostaneme G(G — 1)/2 hodnot, které vytvori vhodny podklad pro prolozeni
modelovym variogramem.

Podle |[Borga et Vizzaccaro| (1997) ¢ini prirozend variabilita srazek pouziti
krigingu jako vhodné techniky zejména pri interpolacich kdy mame k dispozici
jen omezené mnozstvi méricich bodu, u vysokého pokryti méricimi body jiz
zvyseni presnosti neni tak vyrazné oproti jinym technikam.
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B 2.1.4 Korelaéni struktura ve srazkovych datech

Korela¢ni struktura srazkovych dat je dilezity prvek pri popisu distribuce
srazkovych poli. Popis srazkovych poli a jejich proménlivost v case pak po-
skytuje informace pro studium klimatickych zmén (New et al.[[1999, |2000;
‘Alexander et al.|2006), je nedilnou soucésti pii evaluaci klimatickych mo-
deli (Osborn et Hulme|1997; Hofstra et al.|2010) a vyhodnocovani nejistot
v klimatickych scénaifch (napt. Kysely et Beranoval[2009).

Prostorova korelaéni struktura srdzkovych dat sumarizuje vztah mezi mé-
fenymi bodovymi zadznamy a je bézné uzivanym konceptem pro vyjadieni
prostorové zavislosti srazkovych poli (Sen et Habib|2001; |Ciach et Krajewski
. Zavislost je vyjadrovana pomoci korelogramu, ktery udava vztah me-
zistanic¢ni korelace a vzdéalenosti. Postup sestava ze stanoveni korela¢nich
odhadu, jenz jsou nasledné prolozeny vhodnou modelovou korela¢ni funkeci.

B Vyjadieni korelace — korelaéni koeficienty

Siroce pouzivanou mirou korelace pro popis prostorovych zavislosti ve srazko-
vych procesech je Pearsonuv korela¢ni koeficient (Pearson’s product-moment
correlation coefficient; napt. [Habib et al.[2001} [Krajewski et al.[2003; [Ciach ef]
Krajewski2006; |Villarini et al.|2008)). Pearsontv korelaéni koeficient (r) udava
sflu linearni zavislosti mezi dvéma veli¢inami a je definovan jako kovariance
dvou proménnych (x,y) délend sou¢inem jejich smérodanych odchylek:

r(z,y) = cov(@y). (2.16)

0z0y

Pri pouziti Pearsonova korela¢niho koeficientu je predpokladem podminka
normdlniho rozdéleni obou proménnych (z,y), pokud se distribuce datovych
fad od norméalniho rozdéleni prilis odlisuje Pearsoniiv korela¢ni odhad mtze
byt znacné zkresleny (Hutchinson|[1997; [Habib et al.|[2001; Krajewski et al.|
2003). V téchto pifpadech [Habib et al| (2001) navrhuji pouziti alternativnich
neparametrickych poradovych odhadu zavislosti jako je Spearmantv koeficient
poradové korelace (Spearman’s p rank-order correlation coefficient) nebo
Kendalluv koeficient konkordance (Kendall’s 7 rank correlation coefficient).
Spearmanuv koeficient (p), stejné jako Kendalliv koeficient (7) udévaji miru
monoténni zavislosti v pripadech, kdy zavislost mezi veli¢inami neni linearni
(pfedpoklad monoténni zavislosti neni tolik omezujici jako pripad linedrni
zavislosti u Pearsonova korela¢niho koeficientu). Protoze jsou tyto odhady
vzhledem k monoténni transformaci neménné, pri aplikacich na poradovou
statistiku jsou oprostény od podminek na distribucni rozdéleni
et Balakrishnan| [2010)). Spearmaniv (p) a Kendalliv (7) koeficient jsou
Gzce spjaté a zaroven nejpouzivanéjsi neparametrické odhady zavislosti dvou
nahodnych proménnych.

Spearmanuv koeficient poradové korelace (p) lze vyjadrit jako Pearsontiv
korela¢ni koeficient, kde jsou proménné (z,y) prevedeny na hodnoty jejich
poradi (z;,y;). Nékdy je udavan pouze zjednoduseny vztah, ktery dava velmi
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2.1. Méreni a zpracovani srazkovych dat

dobry odhad v pripadech kdy se v datech vyskytuje minimalni pocet stejnych
hodnot: .
6 Zl (i — yi)?
Yy =1- " 2.17
pl.y) e (217)
kde (x; —y;) je rozdil v poradi dany kazdému z n pozorovani ve dvou casovych
radéch srazkovych dat (z,y).

Kendalluv koeficient konkordance (7) poskytuje korelaéni odhad na za-
kladé vzdjemné podobnosti poradi veli¢in (x,y). Jestlize uvazujeme dvojici
pozorovani (z;,y;) a (x;,y;) z fady n pozorovani dvou veli¢in (z,y), po-
tom pary (x;,v;) a (x;,y;) lze nazvat dle jejich poradi konkordantni pokud
(i —x)(yi —y;) > 0 a diskordantni pokud (x; — x;)(y; —y;) < 0. Kendallovo
7 je potom definovano jako rozdil mezi pravdépodobnosti konkordance a
pravdépodobnosti diskordance jako:

(z,y) = M, (2.18)

kde ¢, je pocet konkordantnich pari a d,, pocet diskordantnich part.

B Teoretické korelaéni modely

Mezistanic¢ni korelacni odhady mohou byt popsany pomoci teoretickych kore-
la¢nich modelu (prehled modelu testovanych v ¢lanku |Svoboda et al.|[2015
uvadi Tabulka 2.1)). Tvar modelové kfivky ovliviiuji korela¢ni parametry, které
je nutno vhodné stanovit optimalizacni metodou, napt. adaptivni nelinedrni
metodou nejmensich ¢tvercu (Dennis et al.|[1981]).

Parametr vzalenosti ¢y (correlation distance) je zdkladnim parametrem ko-
rela¢nich modelu charakterizujici pokles korelace a u exponencialnich modeli
je primo definovan vzdalenosti ve které prokladand korelacni krivka klesa

Model Korelacni funkce Parametry
Square root r(d) = —2 o
1+
Reciprocal r(d) = 1+1 s o
€0
Exponential 1P 7(d) = exp ( — %) co
Exponential 2P r(d) = exp {— (%)80} o, S0
Exponential 3P r(d) = ¢1 exp {— (%)80} o, 80, C1
, -1 4™ d
Matérn r(d) = m(\/QS()a) K, <\/2505) o, S0

Tabulka 2.1: Modely prostorové korelace véetné pouzitych parametri: correlation
distance cg, shape factor sg, nugget c1; d je vzdalenost mezi dvojici stanic.
U Matérnova modelu (Handcock et Wallig|1994)), I" je gamma funkce a K, je
modifikovand Besselova funkce druhého druhu pro sg (Abramowitz et Stegun
1972]).
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pod hodnotu 1/e (viz Obr. [2.1)). U exponencidlnich modelu je tento parametr
nazyvan téz correlation decay distance (CDDj; napt. |Dai et al.[|1997; [New
et al.|2000; Hofstra et New 2009) a udava vzdédlenost ve které prostorovée
zprumeérovand mezistani¢ni korelace neni déle statisticky vyznamné na hladiné
0.05.

Parametr tvaru s (shape factor) znatelné ovliviiuje chovani modelu v ma-
lych vzdalenostech. Hodnoty mensi nez jedna, bézné pro viceparametrické
modely, indikuji rychlejsi pokles korela¢ni funkce v malych vzdédlenostech a
naopak pomalejsi pokles ve velkych vzalenostech (viz srovnani jedno a dvou-
parametrického exponencidlniho modelu na Obr. 2.1). Parametr sy také udava
zévislost mezi exponencidlnimi modely a Matérn modelem, pokud je sg = 1
exponencialni model se dvéma parametry je totozny s jednoparametrickym
modelem a totéz plati pro Matérn model pii sg = 0.5 (Minasny et McBratney
2005)).

Nugget parametr ¢; poskytuje informace o variabilité srazek ve vzdalenos-
tech blizkych nule a mize poskytnout informace o moznych chybach méfeni.
Cim bliZe je ¢; hodnoté 1 tim mensi je variabilita a chyba méfeni (Villarini
et al. |2008).

o]
—— Square root model
----- Reciprocal model
o | ENEEEL L, e Exponential 1P model
o | unNewRsc. e Exponential 2P model
———- Matérn model
©
4
= TS
< | Tmm Tl
L= SN o B i P -
h ~ \\
o~ e
o
S
=
T T T T T T
0 100 200 300 400 500
Distance [km]

Obrazek 2.1: Priklad korelacnich modelt nafitovanych na mezistani¢ni Pearsontv
korela¢ni koeficient (r) v Kralovéhradeckém kraji. U exponencidlnich modela
je CDD déano jako bod, kde kfivka proloZeni m4 korelaéni koeficient roven 1/e
(vodorovnd plnd ¢ara).

Pri aplikaci korela¢nich modelt je dulezitym predpokladem izotropie v ko-
rela¢ni strukture (predpoklad, ze korelace klesd se vzdélenosti nezavisle na
sméru; [Jones et al.|1997). K uréeni anizotropie v korela¢ni struktufe se vyuzi-
vaji 2-D korela¢ni mapy (napf. |Sharon|/1978, 1979; Velasco-Forero et al.[2009;
Mandapaka et Qin|2013), které popisuji prostorovou strukturu korelac¢nich
koeficientii mezi stanicemi jen pomoci rozdila v jejich vzajemné vektorové
vzdalenosti nezavisle na jejich presném umisténi. Korela¢ni koeficienty se tak
stavaji pouze funkci vzdalenosti a sméru mezi vSemi stanicemi vzajemné a
korela¢ni mapy jsou pak symetrické okolo nulového pocatku.

Pro tvorbu 2-D korela¢nich map v pravidelné siti je vyuzivana metoda OK,
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jakozto metoda siroce pouzivana pro odhady ve srazkovych polich
[Forero et al.[2009). Ptiklad vysledné podoby 2-D korela¢ni mapy (s prostoro-
vym rozliSenim 1 km) je pak zobrazen na Obr. kde je patrna zacinajici
mirna anizotropie ve sméru jihozapad-severovychod v mezistani¢nich vzdale-
nostech kolem 20 km.

40
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-40

-40 -20 0 20 40
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Obrazek 2.2: 2-D korela¢ni mapa k posouzeni anizotropie v korela¢ni struktuie
srazkovych dat spocitand na zakladé mezistanicnich korelaci pro Pearsonuv
korelac¢ni koeficient na mési¢nich srazkovych ihrnech v Kralovéhradeckém kraji.

B 2.2 Modelovani klimatu

Klima je charakteristicky dlouhodoby rezim pocasi v dané oblasti podminény
bilanci energie, atmosférickou a ocednskou cirkulaci, vlastnostmi zemského po-
vrchu a ¢innosti clovéka. Klimaticky systém je velmi slozity nelinearni systém,
mezi jehoz slozkami probihd neustald vyména hmoty a energie (podrobnéji ho
popisuje napft. . Zmény klimatu probihaji po celé obdobi vyvoje
Zemé a mohou byt vyvolany fadou vnéjsich i vnitinich faktortd. Zjednodusené
je mozné tyto vlivy rozdélit na prirozené (slune¢ni ¢innost, zmény orbitalni
drahy Zemé, rozlozeni pevnin a ocedni, ¢i sopec¢né ¢innosti) a antropogenni
(zejména emise sklenikovych plyni a aerosoli, zmény ve vyuzivani krajiny,
zésahy do hydrologického rezimu a dalsi). Zasahy ¢lovéka do klimatického
systému jsou neoddiskutovatelné, vzhledem ke slozitosti celého systému a
vzéjemnym vazbam je vSak obtizné presnéji stanovit podil ¢lovéka na celkové
zméné klimatu.

Nejvyznamnéjsi organizaci zabyvajici se globalni zménou klimatu je Mezi-
vladni panel pro zménu klimatu (IPCC), ktery pravidelné vydava hodnotici
zpravy, technické a specidlni zpravy, zamérené na klicové problémy v oblasti
zmény klimatu a poskytuje nejnovéjsi informace o védeckych, technickych
a socidlné-ekonomickych aspektech zmény klimatu. Podle studii IPCC je
jednoznacny trend rtstu teploty a redistribuce srazkovych tthrnt v poslednich
desetiletich (IPCC 2007, [2014).
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B 2.2.1 Scénare zmén klimatu

Odhad budouciho vyvoje klimatu je obecné nazyvan klimatickym scénaifem
a jednd se o popis klimatu pri zahrnuti predpokladanych dusledki antropo-
gennich vlivii. K odhadtim vyvoje klimatu v budoucnosti ale i rekonstrukci
vyvoje minulého jsou vyuzivany klimatické modely (je ale mozné vyuzit i jiné
postupy jako prirustkové scénare nebo ¢asové a prostorové analogy).

Postup pro vytvoreni modelového odhadu budouciho vyvoje klimatu je
schematicky zobrazen v bodech (1) az (3) na Obr. Odezva klimatického
systému na uréity scénar emisi (nebo koncetraci) sklenikovych plynu a aerosolu
(odvozeny na zdkladé bodu (2) z Obr. simulovand klimatickymi modely,
se poté nazyva projekce klimatu. Klimatické scénare jsou zalozeny na téchto
projekcich, které predstavuji rozdil mezi tzv. referenénim obdobim (¢asto
bylo brano 1961-1990 jako normélové obdobi podle Svétové meteorologické
organizace) a budoucim modelovym klimatem pro urc¢ity ¢asovy horizont (ob-
vykle byva tticetilety), a které mohou za urcitych predpoklddanych okolnosti
nastat. Prakticka aplikace klimatickych scénait na regionalni tirovni je pak
nastinéna v ¢lanku Svoboda et Kalecky| (2013).

(1) MODELOVY POPIS KLIMATICKEHO SYSTEMU

procesy ve procesy mezi

slozky systému sloskach sloskami zpétné vazby
(2) MODELOVY POPIS VYVOJE SVETA
makrr{ekonom surovir!ove enerp e e chnologe poplulaf:m
ika zdroje vyvoj

A 4

(3) PROJEKCE VYVOIE KLIMATU VE SCENARICH

dolni odhad nejlepsiodhad

Obrazek 2.3: Postup pro modelovy odhad vyvoje klimatu. Zdroj: 2011

Globalni emise sklenikovych plynid vedou ke zménam v koncentracich
v atmosfére a nasledné ke zménam v radia¢nim ptsobeni které zpusobuje
zmény klimatu. Radia¢ni pusobeni (vyjadiujici rozdil mezi energii kterou
Zemé obdrzi z vnéjsi a kterou odrazi zpét, viz Obr. reflektuje vlivy nejen
koncentrace sklenikovych plynu, ale i troposférického ozonu, aerosoli nebo
zmény albeda Zemé. Hodnoty radiacniho pusobeni jsou obvykle vztazeny
k predindustridlnimu obdobi (roku 1750) a jsou vyjadfovany jako [W-m~—2].
Sklenikové plyny maji ruzné fyzikalni vlastnosti a tudiz i rizny vliv na radia¢ni
pusobeni, z tohoto duvodu byla zavedena jednotka COz-eq (ekvivalent COz)
udéavajici miru mnozstvi sklenikového plynu ktery by mél stejny tic¢inek na
klimaticky systém jako samotny oxid uhli¢ity.

B Emisni scénife — SRES

Nartst globalni primeérné teploty pozorovany od poloviny 20. stoleti, ale
i jiné zmény v klimatickém systému, maji velmi pravdépodobné souvislost
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Obrazek 2.4: Globalni ro¢ni radia¢ni bilance Zemé. Zdroj: |Kiehl et Trenberth
(1997), upraveno

s pozorovanym narustem koncentraci sklenikovych plyni (Rogner et al.[2007)).
Nejistota v budoucim vyvoji emisi sklenikovych plynu vedla IPCC k vytvoreni
Specidlni zpravy o emisnich scénarich (scénare SRES; |Nakicenovic et Swart
2000) v zavislosti na predpokladech vyvoje svéta. Tyto emisni scénéfe jsou
tvoreny ¢tyimi zédkladnimi skupinami (Obr. 2.5) a jejichz struény popis je
nasledujici.

Scénar skupiny A1 popisuje svét s velmi rychlym ristem ekonomiky, vyvo-
jem novych technologii a s populaci rostouci do roku 2050. Tato skupina se
déli na 3 podskupiny dle prevazujiciho zdroje energie: A1FI — fosilni paliva,
A1T — bez fosilnich paliv a A1B — rovnovaha ve vyuzivani vSech paliv. Ve
scénari A2 populace roste az do roku 2100. Veskerd opatfeni jsou ¢inéna
na urovni regionu a ekonomika roste pomaleji v porovnani se scéndrem Al.
Scénar Bl popisuje svét s sirokou spolupraci. Populace roste do roku 2050 a
nasledné zacina klesat. Je predpokladan rychly rozvoj informatiky, sluzeb a

Nefeseni problému
zZivotniho prostredi

A
Al A2

Globalni
feSeni fedeni

Bl B2

!

Diraz na Fe$eni problém(
Zivotniho prostiedi

Regionalni

A
\ 4

Obrazek 2.5: Zakladni skupiny SRES scénaiu.
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novych technologii a stfedné rychly rtst ekonomiky. Scénar B2 predstavuje
budoucnost s orientaci na regiondlni reseni a trvale udrzitelny rozvoj. Nartst
populace je nizsi nez v A2 a ekonomicky pokrok pomalejsi nez v Al a B1. Pro
tyto skupiny scénafi bylo vybrano 6 representujicich zastupcii podle nichz
byly scénare zmény klimatu modelovany.

V levé casti Obr. |2.6| je zobrazeno srovnani pfedpokladanych zmén v celko-
vém radia¢nim pusobeni pro SRES scénare od roku 1980 (podle Houghton
et al.|2001). Ptibliznym koncentracim COg-eq odpovidajicim simulovanému
radia¢nimu pusobeni diky antropogennim sklenikovym plyntim a aerosoltim
by v roce 2100 pro zastupce SRES scénaiu (B1, A1T, B2, A1B, A2 and A1FI)
odpovidalo 600, 700, 800, 850, 1250 and 1550 ppm (IPCC|[2007).

SRES RCP Scenario
A1B
—— A1FI
7.5 =
g AT
£
z — A2
o)
£ B1
o |
3 5.0
-
_g — B2
]
K] rcp26
o
2.5 — rcp4s
rcp60
— rcp85

T T T T T T T T T T T T T T
1980 2000 2020 2040 2060 2080 21001980 2000 2020 2040 2060 2080 2100

Year

Obrazek 2.6: Priblizné zmény v celkovém radiacnim pusobeni podle zastupct
representujicich jednotlivé skupiny scénait SRES a RCP.

B Koncentraéni scénare — RCP

Emisni scénare byly v paté hodnotici zpravée IPCC (IPCC|2014) nahrazeny
konceptem scénaru koncentraci, tzv. reprezentativni sméry vyvoje koncentraci
(RCP; Moss et al.[2010)) definované védeckou komunitou.

Skupiny RCP scénait jsou piimo oznaceny podle jejich priblizného cel-
kového radi¢niho pusobeni v roce 2100 vztazenému k predindustridlnimu
obdobi roku 1750, tedy 2.6 W-m~2 pro RCP2.6, 4.5 W-m~2 pro RCP4.5,
6 W-m~?2 pro RCP6.0 a 8.5 W-m~2 pro RCP8.5. Z kazdé skupiny byl opét
definovan representativni zastupce. RCP2.6 predpoklada vrchol koncentraci
vétsiny sklenikovych plyni do roku 2020 a nasledny pokles (Meinshausen
et al.|2011)). Zbyvajici trojice skupin RCP scénaiu viceméné pokryva rozptyl
odhadovanych koncentraci do roku 2100 podle scénarti SRES. Porovnani zmén
v radiacnim pusobeni od roku 1980 mezi zastupci scéndiu SRES (Houghton
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et al.|2001) a RCP (Meinshausen et al.[2011)) zndzortiuje opét Obr. 2.6, Cel-
kovému radia¢nimu pusobeni podle zastupci RCP scénaru (v poradi RCP2.6,
RCP4.5, RCP6 a RCP8.5) by v roce 2100 pak odpovidaly ptiblizné koncen-
trace sklenikovych plyni a aerosoli néasledovné: 450, 650, 850 a 1370 ppm
COz-eq (IPCC 2014).

B 2.2.2 Klimatické modely

Ukolem klimatickych modeli je prostfednictvim FeSeni pohybovych a ter-
modynamickych rovnic metodami numerické matematiky dostatecné presné
popsat zakladni fyzikalni i chemické procesy probihajici v klimatickém sys-
tému. Elementarnim néastrojem modelovani klimatu jsou cirkulac¢ni globdlni
klimatické modely (GCM). Tyto modely maji tii zdkladni slozky, model
atmosféry, model ocednu a model kryosféry (podrobnéji napt. McGufhie et
Henderson-Sellers 2005, které byly (a stéle jsou) postupné doplinoviny o dalsi
modelované slozky klimatického systému (siranové ¢astice, aerosoly, uhlikovy
cyklus, vegetace nebo atmosférickd chemie). Kromé toho ale dochazi samo-
ziejmé i ke zpresnovani procesti v ramci slozek a jejich vzajemnych vazeb.
V devadesatych letech se zacaly pouzivat modely, ve kterych je model atmo-
sféry (AGCM) propojen s trojrozmérnym modelem ocednu (OGCM), tyto
modely se pak nazyvaji spojené (coupled) modely atmosféra-ocedn (AOGCM).
Samotné numerické feseni probiha v siti bunék reprezentovanymi gridovymi
body a v nékolika vertikalnich hladinach. Bézné horizontalni rozliseni GCM,
tedy vzdalenost mezi gridovymi body v atmosférické ¢asti modelu byva 2
az b° zemépisné sitky a délky a vertikalni rozdéleni atmosféry byva vice nez
20 hladin (v ocednické ¢dsti modelu byva rozliSeni vétsi, zpravidla 0.5-1°;
CHMU|2011).

GCM jsou schopny uspésné simulovat jevy velkych méritek, zejména ve
volné atmosfére, ale ispésnost pri simulovani prizemnich proménnych v men-
sich méritkach, které je pozadovano pro studie dopadi zmén klimatu, neni
dostate¢na. Pro procesy mensich méritek, jako jsou napt. konvektivni procesy
a s nimi souvisejici srazkové udalosti, je nutné vyuzivat tzv. parametrizace,
tedy vyjadreni pomoci empirickych vztahi.

Existuje nékolik metod jak prenést informace z GCM do mensich méritek,
souhrnné se tyto metody nazyvaji downscaling. Vedle statistickych metod
(komplexni prehled poskytuje Maraun et al.2010), kam patii napf. statisticky
downscaling (Huth/ 2002) nebo stochasticky generator (Dubrovsky 1997),
je tu dynamicky downscaling v podobé regionalnich klimatickych modela
(RCM). U RCM probiha vypocet pouze na omezenych oblastech (jedna se
o tzv. Limited Area Models), ¢imZ je umoznéno dosdhnout s danou vypocetni
kapacitou vysstho rozliSeni, které se u soucasnych modelt pohybuje nejcastéji
od 50 do 10 km, ale i méné. Jednd se o modely vnorené do GCM, ktery je
v této souvislosti nazyvan jako fidici model a ktery udava okrajové podminky:.
RCM ma nejen fyzikalné konzistentnim zpiisobem interpolovat data z fidictho
modelu do své podrobnéjsi sité, ale i vytvaret své vlastni cirkulace mensich
méritek a zpétné vazby, vyvolané napr. lokalni orografii (Huth et al.[2003)).
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Srovnani globalnich a regiondlnich modeld ukazuji, ze RCM lépe simuluje
prostorové rozlozeni prizemni teploty a zejména srazek a také lépe zachycuji
vznik a postup synoptickych systémi (Murphy|1999)).

V poslednich letech je stile vétsi pozornost vénovana klimatickému mo-
delovani ve velmi vysokém rozliSeni (horizontalni rozliseni < 4 km), které
umoznuje feseni konvektivnich procesi (jedna se o tzv. Convection-Permitting
Models; napt. Kendon et al. 2012, [2014; Ban et al.|2014; [Prein et al. |2015).
Tyto RCM nemusi spoléhat na parametriza¢ni schematizace konvektivnich
procesu (avsak pres vysokou vypocetni narocnost), kterd jsou ¢astym zdrojem
nejistot a chyb v simulacich (Brockhaus et al.|2008; |Hohenegger et al./[2008;
Kendon et al.|[2012; Westra et al.[2014).

B Nejistoty v simulacich klimatickych modelii

Simulace klimatickych modela jsou zatizeny radou nejistot. Tyto nejistoty
jsou spojeny zejména s pocateénimi a okrajovymi podminkami klimatickych
modelt a s jejich strukturou a parametry. Okrajovymi podminkami simu-
laci globalnich klimatickych modela jsou zejména mnozstvi dopadajiciho
slune¢niho zafeni a mnozstvi emisi/koncentraci sklenikovych plyni (nejistota
SRES/RCP scénéfe), u modeli regionalnich je okrajovou podminkou priubéh
veli¢in simulovanych globalnim klimatickym modelem. Nejistota spojend s po-
¢ateénimi podminkami je dana tim, ze pro inicializaci klimatického modelu
nejsou k dispozici pozorovani stavovych veli¢in v dostatecném casovém a
prostorovém rozliSeni. Navic, kvuli chaotické povaze klimatického systému,
jsou vysledky simulace zavislé na pocateénim stavu systému (Hanel et al.
2011]).

Pretel et al.| (2011) udavaji, ze rozptyl zmén v sezénnich pramérnych
teplotach a srazkovych thrnech mezi jednotlivymi RCM i mezi GCM postupné
roste s Casovym horizontem scénart. Tento narist rozptylu se projevuje
podobné pro RCM i GCM, z toho je usuzovano, ze vétsi nejistoty do scénart
vnasi GCM, ze kterych pak RCM tyto nejistoty prebiraji. Vysledek simulace
je pak témito nejistotami casto ovlivnén vice nez volba vlastniho SRES/RCP
scénare. Z pohledu srazkovych extrému dle Kysely et al.| (2011) je to patrné
predevsim v zimnim obdobi, kdy je vliv GCM, presnéji casti popisujici
atmosférickou cirkulaci, zfetelnéjsi nez v letnich mésicich. V letnim obdobi
pak hraje dilezitéjsi roli RCM a parametrizace procesu v mensim méritku.

Obecné je mozno vérohodnost jednotlivé projekce klimatického modelu
hodnotit podle schopnosti simulovat kontrolni klima nebo dle odchylky pro-
jekel daného klimatického modelu od projekei ostatnich klimatickych modeli
pro budouci klima. Validace porovnanim simulovanych a namérenych dat
odhali systematické chyby v simulacich sledovanych klimatickych prvki, tyto
systematické chyby je poté mozno redukovat pomoci postprocessingu, tedy
aplikaci statistickych korekénich funkei (aplikace nékterych metod lze nalézt
napt. v|Déqué|2007)). Bohuzel schopnost modelu vérohodné simulovat soucasné
klima jesté neznamend uspésnost pri simulaci budouciho klimatu.

Jedna samotnd simulace, nebo nizky pocet simulaci muze poskytovat zava-
déjici vysledky, proto se vérohodnost budouci simulace analyzuje z celkového
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souboru modelovych béhu (tzv. ensemble). Modelové nejistoty je mozno vy-
hodnotit na zdkladé technik obyc¢ejného ¢i vazeného prumérovani (Weigel et al.
2010) nebo odvozenim pravdépodobnostnich scénaiu (Harris et al.|[2010)).

Klimatické modely maji ¢asto tendence podhodnocovat vysoké srazkové
thrny a teplotni extrémy, coz primo souvisi s jejich rozlisenim a numerickymi
prepocty mezi jednotlivymi butikami, které zajistuji stabilitu vypocétu v
dlouhodobém béhu, ¢imz musi nutné dochazet k omezovani rozsahu variability
simulovanych prvka (Déqué 2007).

Soucasny trend zpTesnovani scénait zmén klimatu spociva predevsim v ana-
rozliseni, jez umoznuje lepsi zachyceni orografie a jejiho vlivu. Samo o sobé
zpravidla nevede k zuzovani rozpéti projekci klimatickych modelt, ale spise
k lepsimu popisu nejistot. Vyzkum [Kendon et al.|2012| zaméreny na klima-
tické modelovani s velmi vysokym rozlisenim (1.5 km) se specializaci na
extrémni srazky naznacuje, ze pro zachyceni konvektivnich udéalosti je ne-
zbytny presnéjsi popis lokalni dynamiky oblac¢nosti, kterd je u soucasnych
modeli parametrizovana. Predstavovany RCM fesSici termické konvekce je
konvekci. Problematika simulace srazkovych extrému je podrobnéji rozebrana
v samostatné Kapitole [2.3.1L

B Ensemblové simulace

Rada mezinarodnich projektii po roce 2000 byla zaméfena na regionalni klima-
tické modelovani. Jedn4 se predevsim o projekty PRUDENCE (Christensen
et Christensen| 2007), ENSEMBLES (van der Linden et Mitchell 2009)) a
CORDEX (Jacob et al.[[2014)), v jejichz ramci vznikly fady simulaci RCM
pro Evropu do konce 21. stoleti.

Projekt PRUDENCE byl zaméfen na snizeni nejistot v projekcich RCM
a poskytl simulace RCM (fadové 70) pro kontrolni (1961-1990) a scénarové
obdobi (2070-2099) dle scénaitt SRES A2 a B2 v rozliseni 50 a 25 km. Do pro-
jektu ENSEMBLES byla zapojena fada evropskych instituci a bylo provedeno
mnozstvi simulaci GCM a RCM pro Evropu (ale i zdpadni Afriku). Simulace
RCM byly fizeny reanalyzou ERA40 (Uppala et al.|2005) pro ¢tyficetileté
obdobi do roku 2000 nebo GCM pro obdobi 1950-2100 (u nékterych simulaci
jen do roku 2050) dle scénare SRES A1B v rozliSeni 50 nebo 25 km. Cilem na-
vazujicicho projektu CORDEX (Coordinated Regional Climate Downscaling
Experiment) bylo prispét k rozvoji downscalingu zpfistupnénim kvalitnich
vystuput RCM s globalnim pokrytim (Giorgi et Gutowski 2015). Simulace
RCM provedené v ramci projektu jsou rizené reanalyzami minulého klimatu
ERA-Interim (Dee et al.[2011) a riznymi GCM z projektu CMIP5 (Coupled
Model Intercomparison Project; Taylor et al.[2012) dle scénait koncentraci
(RCP2.6, RCP4.5 a RCP8.5). Pro Evropskou doménu byly simulace provadény
ve dvou rozliSenich, 50 a 12.5 km. Konkrétni simulace RCM analyzované
v disertacni préci jsou blize popsany v Kapitole [3.1.2.
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B 2.3 srazkové extrémy

Komplexni prehled o metodologii a vysledcich studii posuzujicich trendy ve
srazkovych extrémech a povodnovych situacich napri¢ Evropou uvadi Madsen
et al| (2014). Pro 175 srazkomérnych stanic na tizemi Ceské republiky za
obdobi 1961-2005 vyhodnotil sezénni trendy v dennich extrémnich srazkach
Kysely| (2009). Predevsim v zimnim obdobi a zdpadni ¢asti republiky byl
znatelny statisticky vyznamny nartst ve vSech indexech posuzujici intenzivni
srazky (vétsinou mezi 20 a 30 % za pozorované obdobi). V letnim obdobi byly
zjisténé trendy méné vyznamné a prostorové nejednotné, nicméneé i v letnim
obdobi prevladal nartst v intenzivnich srazkach. Naopak klesajici trendy
(spojené s poklesem sezénnich thrni) byly pozorovany v jarnim obdobi.

Mnozstvi Evropskych studii posuzujici sub-denni srazkové extrémy je stéle
znatelné nizs${ v porovndni s analyzami dat v dennim kroku (napf. Lende{
rink et al.|2011). Hanel et al.| (2016) analyzovali trendy intenzivnich srézek
v agregacich od 30 min do 24 h pro 17 stanic v CR za obdobi kvéten—zaif
v letech 1961-2011. Pozorované trendy v posuzovanych indexech (sezénni
srazkové maximum, index intenzity a podil srazek prindseny v intervalech
s vysokymi thrny) byly statisticky vyznamné a pozitivni pro velkou ¢ast
stanic (prumérny rust 2-9 % za 10 let pro vSechny indexy).

Extrémni srazkové udalosti s vysokymi thrny a kratkou dobou trvani
(nékolika hodin) jsou nejéastéji spojovany s konvektivnimi bouremi (Hand
et al.[2004; Westra et al.|2014]). Pravé intenzivni srazkové udélosti znatelné
prispivaji k celkovym srazkovym thrnam v teplejsi ¢asti roku, podle |Rulfova
et Kysely (2013) konvektivni srazky predstavuji zhruba 50 % celkovych srazek
v letnim obdobi. Na datech z 11 srazkomérnych stanic napii¢ CR pro obdobi
19822010, Rulfova et Kysely| (2014) posuzovali oddélené charakteristiky
konvektivnich a stratiformnich srazek a zjistili pozitivni trendy (v prostorovém
pruméru) v konvektivnich srazkach z pohledu celkového srézkového thrnu
a poctu srazkovych dni pro obdobi jara, 1éta a podzimu. Prestoze trendy
v exrémnich konvektivnich srazkach (6h a 24h sezénni maxima) byly vice
prostorové proménlivé a statisticky méne vyznamné, mirny trend ristu zde
taktéz prevladal.

B 23.1 Projekce RCM pro srazkové extrémy

Mnozstvi studii zabyvajici se srazkovymi extrémy v simulacich RCM vychéazi
z dennich dat, nicméné v poslednich letech je stale vice pozornosti vénovano
datim podrobnéjsiho casového méritka hodin nebo minut. Takovéto pro-
jekce vsak mohou byt vzhledem ke slozitosti fyzikdlnich procest spojenych
se srazkovymi extrémy v sub-dennim méritku (Stocker et al.|2013) a jejich
zjednodusenim v ramci parametrizaci klimatického modelu zatizeny dalsimi
nejistotami. Vétsina v soucasnosti dostupnych simulaci RCM je provedena
v rozliseni hrubsim nez 10 km, zatimco konvektivni procesy souvisejici s vysky-
tem extrémnich srédzek probihaji ve znatelné mensich méritcich (podle [Prein
et al.|2015/ mensich nez 4 km). RCM musi tedy spoléhat na parametrizacéni

22



2.3. Srazkové extrémy

schematizace konvektivnich procesti, kterd jsou bohuzel zdrojem znatelnych
nejistot a chyb v simulacich (Brockhaus et al.|2008; Hohenegger et al. 2008}
Kendon et al.|2012)) a zejména pak v simulacich sub-dennich srazek (Westra,

Ze souboru simulaci RCM fizenych reanaljzou ERA40 pro CR (pro obdobi
1982-2000), Kysely et al. (2016) zjistili podhodnoceni intenzity konvektivnich
srazek a dale celkové podhodnoceni konvektivnich a nadhodnoceni stratiform-
nich srazkovych extrémi, které ovsem vedlo k relativné dobré reprezentaci
celkovych dennich srazkovych extrémii. Denni srazkové extrémy byly v si-
mulacich RCM dobfe reprezentovany i v dalsich evropskych zemich (napf.
Nizozemsko: [Hanel et Buishand|2010, nebo Dansko: |Gregersen et al.|2013)).
Naproti tomu schopnost RCM representovat vérohodné hodinové srazkové
extrémy je ¢asto zpochybnovana (Hanel et Buishand|2010; |Gregersen et al.|
2013; [Kendon et al.[2014).

Studie budoucich zmén ve srazkovych extrémech pro tizemi CR
Beranov4 2009; Kysely et al.||2011; [Hanel et Buishand|2012)) se shoduji na
naristu letnich i zimnich dennich srazkovych extrémut pro obdobi do konce 21.
stoleti s narustem v rozmezi 16-26 % pro 50lety kvantil. Obdobné budouci
zmény v dennich extrémech podle RCM simulaci byly zjistény také pro dalsi
¢asti Evropy (napf. Frei et al2006; Hanel et Buishand|2011; Madsen et al.|
2014).

Studie zabyvajici se potencidlnimi zménami v sub-dennich srazkovych
extrémech nejsou tak casté jako analyzy dennich dat. Pro Dansko
a Nizozemsko (Hanel et Buishand|2010) byly odhadovény vyssi
narusty v hodinovych extrémech v porovnani s dennimi a vétsi narast intenzit
s kratsi dobou trvani a delsi dobou opakovani. Z pohledu letnich extrémnich
srazkovych thrnt byly zminovany nartsty také v dalsich ¢astech Evropy
(Lenderink et van Meijgaard|2008; Kendon et al|2014), avSak objevuji se
i studie piedpokladajici pokles, napi. pro Némecko (Knote et al.[2010) nebo
pro zapadni ¢ast Spojenych statu (Pan et al.|[2011).

B 2.3.2 Individudini srazkové udalosti a jejich charakteristiky

Individualni srazkové udélosti a analyza jejich charakteristik prinasi alter-
nativni pohled do studia sub-dennich srazkovych extrému. Tento pristup
zalozeny na sledovani charakteristik individuédlnich intenzivnich srazkovych
udalosti je vyuzitelny téz z pohledu mnoha hydrologickych aplikaci. Charakte-
ristiky intenzivnich srazkovych udélosti jako jsou thrn, doba trvani, primérna
nebo maximalni hodinova intenzita mohou poskytovat velmi dtlezité infor-
mace napf. z pohledu problematiky méstské hydrologie (napf. Einfalt et al.
11998; Barbosa et al.|2012; Willems et al.2012) nebo pro studie posuzujici
erozi pudy (napf. Angulo-Martinez et Begueria 2009; Meusburger et al.[2012;
Modiscol2014).

Existuje nékolik piistupt jak definovat individualni srazkovou udélost (viz
[Peters et Christensen|2006; Ignaccolo et Michele|[2010). Jednim z nejpouziva-
néjsich je koncept minimalniho ¢asu mezi udalostmi, tzv. minimum inter-event
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time (MIT; Dunkerley 2008), kdy udélosti jsou definovany na zdkladé mini-
mélniho ¢asového intervalu mezi dvéma nasledujicimi (idedlné nezavislymi)
udalostmi. Jelikoz optimalni hodnota MIT se muze znac¢né lisit pro rtzné
srazkové fady (jako v nasem pripadé pro ruzné srazkomérné stanice a simulace
RCM), hodnota MIT je ¢asto volena na zikladé zavedené metodologie, napft.
6h dle univerzalni rovnice ztraty pudy (USLE; Wischmeier et Smith)[1978).
Jako miniméalni hodnota srazkového hodinového intervalu se nabizi 0.1 mm,
tedy minimélni srdzka méritelna béznymi srazkomeéry. Stejnd hodnota byva
aplikovana také pii evaluacich simulaci RCM, kdy slouzi k odfiltrovani ¢astych
velmi nizkych hodnot (napt. Willems et Vrac|2011; Kendon et al.|2014; Sunyer
et al.[2016).

Pro dcely studie byly posuzovany nésledujici zédkladni charakteristiky sraz-
kovych udalosti:

® srazkovy thrn udélosti D [mm)],
® doba trvani udélosti 7' [h],

® priimérnd intenzita udalosti R [mm-h~1]:

D
R=— 2.19
T’ ( )

® maximalni 60min intenzita v pribéhu udélosti Igo [mm-h~1].

Dale byla posuzovana dvojice indikatoru potencialu erozivity srazkovych
udalosti:

® energie srazkové udalosti £ [MJ-ha=!], ddna podle Brown et Foster| (1987)

jako:
T
E = 0.29d¢[1 — 0.72 exp (—0.05dy)], (2.20)
t=1
kde d; je srazkovy thrn béhem hodiny ¢ v prubéhu doby trvani udalosti
T, a

® index erozivity srazkové udalosti Elgy [MJ-mm-ha=t-h~1]:

Elg = E - Igo. (2.21)

Maximélni 60min intenzita srazkové udalosti (Isp) a z ni vychazejici index
erozivity (Flgp), jsou z duvodu ¢asového rozliseni posuzovanych dat ze si-
mulaci RCM brény jako hodinové (ackoliv metodologie USLE udavé ¢asové
rozliSeni pro tyto charakteristiky polovi¢ni, tedy 30min), z toho divodu je cha-
rakteristika Elgy brana pouze jako indikator potencidlu erozivity srazkovych
udélosti.

Kromé vyse zminénych charakteristik srazkovych udalosti byly analyzovany
také nasledujici sezonni (kvéten—zaii) charakteristiky:

® pocet intenzivnich srazkovych udalosti za sezénu Nge [, a
B sezonni srazkovy uhrn prindseny témito intenzivnimi srazkovymi uda-

lostmi Sge [mm].
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Kapitola 3
Soubor publikaci

Nasledujici kapitola komentuje soubor predstavovanych publikaci, uvadi fe-
sené tzemi a data na nichz byly publikované vystupy zalozeny (Kapitola |3.1)
a prindsi struény popis provadénych analyz a nejvyznamnéjsich dosazenych
poznatku tykajici se korelaéni struktury srazkovych dat (Kapitola 3.2), cha-
rakteristik srazkovych udalosti (Kapitola 3.3) a budoucich zmén v charak-
teristikach srazkovych udélosti (Kapitola |3.4). Metodiky a veskeré vysledky
jsou popséany detailné v jednotlivych studiich, které jsou obsahem priloh (viz
Seznam priloh str. |63).

B 3.1 Regené tzemi a pouzita data

Studie byly provadény na tizemi Ceské republiky. Orografie tizem{ je naznacena
na Obr. |3.1h, priblizné dvé tfetiny tzemi se nachizeji v nadmorské vysce
do 500 m, zatimco v horskych oblastech v blizkosti hranic nadmotské vysky
neziidka pfesahuji 1200 m.

Srazky v CR jsou typické prostorovou a ¢asovou proménlivosti, kterd je
dana interakci fyzikalnich procesu jejich vzniku, atmosférické cirkulace a
fyzickogeografickych charakteristik tzemi. V zimni ¢asti roku (f{jen—brezen)
jsou srazky vazany hlavné na prechody frontalnich systému a tlakovych nizi
predevsim s vrstevnatou oblac¢nosti a jsou charakterizovany zpravidla mensi
intenzitou a delsim trvanim. Naopak v mésicich letniho pulroku (duben—z&ii)
jsou srazky nezridka spojeny s vystupnymi konvekénimi pohyby vzduchu
s tvorbou kupovité az bourkové oblacnosti. Takovéto srazky maji zpravidla
kratsi trvani a vétsi intenzitu. Vlastni mnozstvi srazek je ovlivnéno charak-
terem synoptické situace, kdy s ohledem na jeji postup a dosah se mohou
projevovat znacné prostorové rozdily. Jde pfedevsim o situace, které prinaseji
do stfedni Evropy vlhky vzduch z oblasti Atlantského ocedanu nebo o typy
s prilivem teplého a vlhkého vzduchu z oblasti Stredozemniho more. Prosto-
rové rozdily jsou navic zvyraznény orografickymi vlivy, k nimz patii zvySovani
mnozstvi srazek s ristem nadmorské vysky a vlivy expozice, kdy s ohledem
na smér proudéni maji navétrné svahy vyssi uhrny nez svahy zavétrné (Tolasz
2007)).

Primérny roéni srazkovy tthrn méfeny na stanicich v CR za obdobi 1961
2000 se pohybuje zhruba od 420 mm ve stfedo-zadpadni ¢asti republiky az

25



3. Soubor publikaci
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Obrazek 3.1: Srazkomérné stanice v pouzitych datasetech: (a) Ceska republika,
(b) Praha, (c) Krélovéhradecky kraj.

po hodnoty presahujici 1200 mm v horskych oblastech. Republikovy primér
je potom kolem 670 mm, pfi¢emz nejvyssi thrny jsou obvykle zaznamené-
vany v ¢ervnu a v Cervenci. Témeér dvé tretiny rocnich srazkovych thrni
v republikovém prumeéru pak spadnou v letni poloviné roku.

V nésledujicich podkapitolach jsou popsany veskeré srazkové datové rady
pouzité v publikovanych pracich.

B 3.1.1 Pozemni srazkomérna data

7 pozemnich srazkomérnych métreni byly vyuzity tfi datasety, které jsou
popsany nize. Ne kazda stanice ovsem poskytovala data v kompletnim casovém
pokryti tak jak je udavano, konkrétni vybéry z datasetl jsou pak podrobnéji
popsany v prislusnych kapitolach publikovanych c¢lanku.

® Krélovéhradecky kraj, mésicni data, 1981-2011, 38 stanic (pokryti 1 sta-
nice na 125 km?; Obr. 3.1c), data vyuzita v ¢lanku Al

Data byla poskytnuta a kontrolovina Ceskym hydrometeorologickym
ustavem, chybéjici hodnoty byly doplnény podle procedury jak ji popisuje
Stépanek et al (2011), tedy pomoci intepolace IDW (s exponentem
r=3).

® Ceské republika, hodinova data, 1961-2009, 180 stanic (1 stanice na
438 km?; Obr. 3.1h), vyuzito v publikacich B} |Cl

Data poskytl Cesky hydrometeorologicky tistav, piivodni dataset v 10min
rozliSeni zalozeny na digitalizovanych a doplnénych zadznamech ombro-
grafu (viz [Kvéton et al. |2004) byl jesté kontrolovan v praci Hanel et
Macal (2014), ktet{ porovnavali denni data agregovana z 10min rozliseni
se standartnimi dennimi zdznamy. Hanel et Maca, (2014) povazovali denni
data ze nespolehliva, pokud rozdil predstavoval vice nez 1.5 mm pro dny
se srazkovym thrnem pod 15 mm nebo 10 % pro denni tthrny nad 15 mm.
Roky, které obsahovaly takovychto nepresnych dennich zdznamu vice
nez 10 %, byly z datasetu vytazeny. Vzhledem k nespolehlivosti zdznamu
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v zimnim obdobi, bylo navic vyuzito jen dat z obdobi kvéten—zati. Toto
obdobi, charakterizujici teplejsi ¢ast roku pro niz jsou intenzivni kratko-
dobé srazkové udalosti charakteristické, bylo pro piehlednost oznaceno
jako ,sezdna’.

® Praha, hodinovd data, 2002-2011, 22 stanic (1 stanice na 23 km?;
Obr. [3.1b), vyuzito v ¢lénku Bl

Prazska srazkova data poskytla Prazska vodohospodarska spolecnost a.s.,
chybéjici data v tomto pripadé nebyla zavaznym problémem, jelikoz byla
vyuzita pouze pro stanoveni vlivu poc¢tu stanic na efekt prostorového
prumérovani srazkovych dat.

B 3.1.2 Srazkové fady simulované RCM

Prehled simulaci RCM z nichz byla analyzovany hodinova srazkova data na
tizemi CR je obsahem Tabulky

Simulace HadRM3, HIRHAMS5 a RACMO2 byly provedeny v ramci pro-
jektu ENSEMBLES (van der Linden et Mitchell 2009), simulace RCA4 a
RACMO22E pak v ramci evropské domény projektu CORDEX
2014). Simulace CLM jsou dostupné z databaze World Data Center for Cli-
mate pfes rozhrani Climate and Environmental Retrieval and Archive (CERA;
http://cera-www.dkrz.de/WDCC/ui/)). Pro ucely prace byly vyuzity dva da-
tasety simulaci CLM v hodinovém rozliSeni (které byly spojeny), konkrétné
béh pro 20. stolet! (Lautenschlager et al.[2009a)) a simulace pro 21. stoleti dle
scénafe SRES A1B (Lautenschlager et al|[2009D).

Ze simulaci HadRMS3 byly k dispozici také dvé simulace rizeny GCM s pre-
nastavenou fyzikalni parametrizaci (tzv. ,perturbed physics“, vice viz
. Vedle norméalniho datasetu simulace se standartné nastavenou
parametrizaci (HadRM3Q0), je HadRM3Q3 verze s nizkou citlivosti na externi
vlivy a verze HadRM3Q16 zahrnujici parametrizaci naopak vedouci k vysoké
citlivosti na externi ptisobeni. Tyto pozménéné parametrizace jsou aplikovany
jak pro ridici GCM (HadCM3) tak pro samotné RCM (HadRM3).

Vystupy modelu jsou dostupné ve vlastni pravidelné siti ¢tvercovych grid-
box1 v souradnicich s pooto¢enym pdlem (rotated latitude-longitude grid),
pouze vystupy z CLM jsou promitnuty do béznych sférickych soufadnic (re-
gular non-rotated grid). Ze simulaci RCM byly vybrany vsechny gridboxy
pokryvajici nebo alespoii zasahujici do tizemi CR. Rozdil v hustoté sité mezi
nejpodrobnéjsim (12.5 km) a nejhrubsim rozlisenim RCM simulaci (50 km)

je patrny z Obr. 3.2

B 3.2 Prostorova korelaéni struktura v mérenych
srazkovych datech

Na meési¢nich srazkovych tihrnech v Kralovéhradeckém kraji za obdobi 1981
2011 byly testovany tii zptusoby vyjadreni mezistani¢ni korelace srazkovych dat
(¢lanek je obsahem Prilohy . Mezistanic¢ni korela¢ni koeficienty — Pearsontiv,
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Akronym Ridici model Scénar Rozliseni Gridboxy

CLM 2.4.11 (Bohm et al.[2006)
Max Planck Institute for Meteorology (MPI), Germany
CLM ECHAMS5/MPIOM SRES A1B 22 km (0.2°) 301

HadRM3.0 (Collins et al.|2011)
Met Office Hadley Centre (MOHC), UK

HadRM3Q0_HadCM3  HadCM3QO0 SRES A1B 25 km (0.22°) 173
HadRM3Q3_HadCM3  HadCM3Q3 SRES A1B

HadRM3Q16_HadCM3 HadCM3Q16 SRES A1B

HadRM3Q0_ERA40 ERA40 reanalyza

HadRM3Q3_ERA40 ERA40 reanalyza

HadRM3Q16_ERA40 ERA40 reanalyza

HIRHAMS5 (Christensen et al.[2007)
Danish Meteorological Institute (DMI)

H5_ARPEGE ARPEGE SRES A1B 25 km (0.22°) 173
H5 BCM BCM SRES A1B
H5_ ECHAMb5 ECHAMS5-13 SRES A1B

RACMO2.1 (van Meijgaard et al.|2008)

Royal Netherlands Meteorological Institute (KNMI)

RACMO2_ECHAMS5 ECHAMS5-r3 SRES A1B 25 km (0.22°) 173
RACMO2_MIROC MIROC3.2 SRES A1B

RACMOZ22E (van Meijgaard et al.|2012)
Royal Netherlands Meteorological Institute (KNMI)
RACMO22E ICHEC-EC-EARTH RCP4.5, RCP8.5 12.5 km (0.11°) 607

RCA4.0 (Kupiainen et al.[2011] [Samuelsson et al.[2011)
Swedish Meteorological and Hydrological Institute (SMHI)

RCA4_CanESM2 CCCma-CanESM2 RCP4.5, RCP8.5 50 km (0.44°) 52
RCA4_CM5A-MR IPSL-CM5A-MR, RCP4.5, RCP&.5

RCA4 CNRM-CM5 CNRM-CM5 RCP4.5, RCP8.5

RCA4_EC-EARTH ICHEC-EC-EARTH RCP2.6, RCP4.5, RCP&.5

RCA4 ESM2M NOAA-GFDL-ESM2M RCP4.5, RCP8.5

RCA4_ESM-LR MPI-ESM-LR RCP4.5, RCP8.5

RCA4 HadGEMZ2-ES MOHC-HadGEM2-ES RCP4.5, RCP8.5

RCA4_MIROC5H MIROC5H RCP4.5, RCP&.5

RCA4 NorESM1-M NCC-NorESM1-M RCP4.5, RCP8.5

RCA4 ERAINT ERA-INTERIM reanalyza

Tabulka 3.1: Prehled analyzovanych simulaci RCM.

Spearmaniiv a Kendalltiv byly vypocitany na zakladé 38 datovych rad a
nésledné prolozeny Sestici teoretickych korela¢nich modela s jednim az tremi
parametry (viz Kapitola|2.1.4 a Tabulka 2.1). Presnost prolozeni jednotlivymi
korela¢nimi modely byla porovnavana na zakladé smérodatné odchylky rezidui:

SSE
n—op’

o= (3.1)
kde SSFE je rezidudlni soucet Ctvercu, n je pocet datovych zdznamu a p pocet
odhadovanych parametrii.

Kromé srovnani modeld prolozeni jednotlivych korela¢nich koeficienti,
posouzeni vlivu jednotlivych parametri a analyzy vzajemnych vztaht mezi
parametry korelac¢nich modelli, byla u korelacnich parametri nasledné sledo-
vana také jejich ¢asova a prostorova variabilita. Vyhodnocena byla dlouhodoba
casové variabilita a vliv sezonality na odhadované parametry. V ramci prosto-
rové variability byly sledovany zmény parametri s ohledem na nadmoiskou
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Obrazek 3.2: Pokryti Ceské republiky gridboxy (zobrazeny jako sttedové body
gridboxil) pro simulace RCM v prostorovém rozliSeni 12.5 km (malé body, 607
gridboxt1) a 50 km (velké body, 52 gridbox).

vysku a jejich prostorové rozlozeni v ramci studovaného regionu.

U vsSech t11 pristupii vypoctu korelacnich koeficientii byla pozorovana anizot-
ropie ve sméru zapad-vychod ve vétsich vzdalenostech nez 40 km (nejvyraznéjsi
v pripadé Pearsonova r, viz Obr. 2.2). Tato anizotropie je ovSem zpusobena
zejména nedostateénym staniénim pokrytim v kombinaci s okrajovym efektem,
celkovou prostorovou strukturu jsme tedy povazovali za izotropni. Z primého
srovnani hodnot korelac¢nich koeficienta je patrné, ze korelacni koeficienty
pocitané metodikou podle Spearmana dosahuji podobnych hodnot jako v pii-
padé Pearsonova korelacniho koeficientu (jsou zhruba o 1 % vyssi), zatimco
Kendallova metodika poskytuje znatelné nizsi absolutni hodnoty korelace
(0 22 % ve srovnani s Pearsonem).

Vsechny korela¢ni modely s jednim parametrem ¢y (correlation distance)
se ukazaly jako nedostatecné pro vyjadreni mezistani¢ni korelace srazkovych
ihrnt ve vzdéalenostech do 100 km vzhledem k neschopnosti zachytit rychly
pokles v malych vzdalenostech (coz je nejvice patrné v pripadé Kendallova
7 z Obr. |3.3c). Velmi dilezitym je druhy parametr sy (shape factor), ktery
v kombinaci s parametrem ¢y pravé tyto zmény dokaze dobre zachytit (tvar
prolozené kiivky vykazuje strméjsi pokles v malych vzdalenostech a nao-
pak mirnéjsi ve velkych vzdalenostech, opét viz Obr. 3.3)). Treti parametr
c1 (nugget) v pripadé dat naseho ¢asového (mési¢ni thrny) a prostorového
rozliSeni (zadné stanice nejsou v bezprostfedni blizkosti u sebe) prakticky
pozbyva vyznamu. Matérn a Exponencialni model se dvéma parametry tak
vykazuji nejvhodnéjsi vyjadreni poklesu korelace se vzdalenosti (parametry
obou modelu vykazuji silnou vzdjemnou linedrni zavislost). Mirna rozdilnost
mezi témito dvéma modely se projevuje az pii vzdalenostech vyssich nez 100
km a proto, i vzhledem k naroc¢nosti vypoctu, se jevi pro vyjadreni korelace
v regionalnim méritku jako optimalni volba Exponencidlni dvouparametricky
kladani vSemi teoretickymi modely) bylo dosahovdno pii vyuziti korela¢nich
koeficientu podle Spearmana.
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Obrazek 3.3: Zavislost korelacnich koeficientii na vzdalenosti véetné prolozeni
korela¢nimi modely pro (a) Pearsonuv korela¢ni koeficint r, (b) Spearmantv
koeficient poradové korelace p a (c) Kendalliv koeficient konkordance .

B 3.2.1 Casova variabilita v parametrech korelaénich modelii

Z analyzovanych 31 let srazkovych zaznamu (v desetiletych pohyblivych
vytezech) je z linedrniho proloZeni patrny rust v parametrech vzdélenosti ¢y a
to zejména pro viceparametrické korela¢ni modely. Tyto modely vykazuji také
vyssi vykyvy v hodnotach parametru ¢y v prubéhu dekad, zatimco hodnota
parametru tvaru sg zustava stabilnéjsi. Vykyvy v hodnotdch parametru
co jsou ve vztahu s celkovymi namérenymi srazkovymi thrny v prubéhu
dekad (vyssi parametr se vyskytuje v dekadéach s vy$simi dhrny, pficemz
hodnoty parametru celkové rostou stejné jako srazkové thrny). Vliv sezonality
na korelacni koeficienty je vyrazny, vyssi hodnoty mezistani¢ni korelace v
podzimnim a zimnim obdobi jsou promitnuty v hodnotach parametru cg,
ktery je v téchto obdobich vyrazné vyssi nez na jate a v 16té (tii az ctytikrat
v zévislosti na korelaénim modelu).
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B 3.2.2 Prostorova variabilita v parametrech korelaénich
modelt

Stejné jako na pramérné srazkové uhrny, i na prostorovou variabilitu pa-
rametru korelacnich modeli ma vyznamny vliv nadmorska vyska. Zatimco
srazkové ihrny s nadmorskou vyskou rostou, v korela¢nich modelech vliv
stoupajici nadmorské vysky reflektuje zejména parametr tvaru sy a to po-
klesem. V malych vzdalenostech je pokles korelace ve vyssich nadmotskych
vyskach strméjsi. Hodnoty parametri byly sledovany v analyzovaném regi-
onu na modelu Voroného polygonace odvozeného na zakladé vzajemnych
korelaci jednotlivych srdzkomérnych stanic jak zobrazuje Obr. Na prii-
kladu Pearsonova r a Exponencidlniho tiiparametrického modelu je patrna,
kromé vlivu nadmorské vysky na parametr so (ktery je v jizni nizinné ¢asti
kraje vyrazné vyssi), také vzajemnd zavislost mezi parametry ¢y a sg, kdy se
nejvyssi hodnoty ¢g vyskytuji v oblastech s nejnizsimi hodnotami sg (stejné
vzory jsou charakteristické také pro Spearmanovo a Kendallovo vyjadreni
korelace). V jizni ¢asti regionu (v oblastech vysokych hodnot parametru sg)
se u nékterych stanic projevuje také mirny pokles v nugget parametru ci,
ktery jinak celkové v regionu mél zanedbatelny vliv (nejcitlivéjsi na zmény
tohoto parametru se jevi Kendallovo vyjadieni korelace).

Exponential 3P m. Exponential 3P m. Exponential 3P m.

| I ] ]
121 2235 4348  0.182 1 1.819  0.8% 0.948 1

Obrazek 3.4: Model Voroného polygonace Kralovéhradeckého kraje s hodnotami
korela¢nich parametru pro Exponencidlni triparametricky model aplikovany na
Pearsoniiv korela¢ni koeficient.

B 3.3 Srazkové udalosti v mérenych datech a
simulacich RCM

Intenzivni srazkové udalosti byly analyzovany na tizemi Ceské republiky, data
ze stani¢nich méfeni byla vyuzita pro validaci simulaci RCM pro obdobi
19812000 (¢lanek je obsahem Pilohy [B]).

Srazkové udalosti byly definovany na zakladé 6h intervalu mezi udalostmi
(dle konceptu MIT') a minimalniho hodinového srazkového intervalu 0.1 mm.
Déle analyzovany byly pouze intenzivni udalosti definované na zakladé meto-
dologie USLE, t.j. bodové srazkové udélosti majici irhn vétsi nez 12.7 mm
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(intenzitni kritérium bylo v nasem pripadé zanedbéno). Obdobny pristup
byl aplikovan na vybér udalosti v simulacich RCM a prostorové primeérova-
nych méfenych datech, kdy minimalni srazkovy dhrn intenzivni udalosti byl
stanoven tak, ze procento intenzivnich udalosti bylo v priméru stejné jako
v bodovych datech (= 15 %). U téchto udélosti byly ndsledné vyhodnoceny je-
jich charakteristiky (podrobny popis charakteristik je obsahem Kapitoly 2.3.2).
Ptehled hodnot primérnych charakteristik intenzivnich srazkovych udalosti
v méfenych datech a simulacich RCM pro CR je obsahem Tabulky |3.2.

B 3.3.1 Efekt prostorového primérovani srazkovych dat

Jelikoz simulace RCM poskytuji prostorovy prumér srazkovych thrni v grid-
boxech ptislusného rozlieni, neni mozné primo srovnavat simulované hodnoty
s bodovymi staniénimi mérenimi. Z toho divodu jsou pro validace dat z RCM
Casto vyuzivany datasety interpolované do pravidelného gridu (napt. Evropsky
dataset E-OBS, Haylock et al. 2008), bohuzel v soucasnosti jsou takovéto gri-
dované datasety dostupné pouze v dennich nebo vyssich ¢asovych rozlisenich,
jenz jsou nedostateéné pro tcely nasi studie posuzujici charakteristiky indivi-
dudlnich srazkovych udélosti. Alternativni moznosti je pokusit se kvantifikovat
efekt prostorového prumérovani srazkovych dat na charakteristiky srazkovych
udélosti podle postupu, ktery je zalozen na principu prostorovych redukcnich
faktora (ARF) popisujici redukei srazko/odtokovych maxim s rostouci oblasti
prumérovani (napt. Asquith et Famiglietti 2000; |Svensson et Jones|2010)).

K posouzeni efektu prostorového prumeérovani srazek na charakteristiky
srazkovych udélosti bylo provedeno srovnani charakteristik odvozenych primo
z bodovych (charakteristiky déle uvddéné jako ,bodové“) a nasledné z prosto-
rové prumeérovanych dat (charakteristiky ,,prostorové“) ve tiech prostorovych
rozlisenich odpovidajich rozlisenim simulaci RCM (tedy 12.5, 25 a 50 km).
Tyto prostorové priumeéry byly pocitany okolo kazdé stanice, nacez do analyz
byly poté zahrnuty pouze okoli s dvéma a vice stanicemi. Byly sledovany tri
nasledujici ukazatele:

1. Pomér mezi primérnou ,,prostorovou* charakteristikou v kazdém okoli
a primérnou ,bodovou® charakteristikou ze vSech okoli v CR (pomér
oznacen jako rty). Timto ukazatelem byly analyzovany jak charakte-
ristiky individudlnich udalosti tak charakteristiky sezénni (tedy pocet
intenzivnich udalosti a jejich sezénni ihrn).

2. Pomér mezi p-tym kvantilem ,prostorové“ charakteristiky v kazdém okoli
a p-tym kvantilem ,bodové“ charakteristiky ze vSech okoli v CR pro
kvantily rozdéleni p = 0.05,0.1,...,0.95 (oznaceno jako pomeér rtp).

3. Pomér ¢etnosti ro¢nich vyskyti (zprimérovanych na CR) podle histo-
gramu jednotlivych hodnot ,prostorovych“ a ,bodovych® charakteristik
(pomér rtg).

Zakladni srovnani poc¢tu intenzivnich srazkovych udélosti za sezénu (Nge)
ukazuje vyssi pocty udalosti v prostorové prumérovanych srazkovych datech
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oproti udalostem odvozenych z bodovych dat (o 1.4-2 uddlosti v zavislosti na
prostorovém rozliSeni, tedy az o 26 %). Prameérné srazkové ihrny udélosti (D)
v prostorové prumeérovanych datech jsou nizsi ve srovnani s bodovymi daty,
avsak diky vysSsimu poctu intenzivnich udalosti jsou celkové sezénni thrny
prindsené témito udalostmi (Sse) pomérné dobie reprezentovany (v pruméru
+3 % oproti ,bodovym* udélostem).

VsSechny charakteristiky individualnich intenzivnich udalosti v pruméru
(podle poméru rty,) jsou v prostorové prumeérovanych datech nizsi nez v
bodovych datech, avsak podle kvantilového poméru rt, jsou v nékterych
charakteristikdch patrné rozdilnosti s rostoucim kvantilem. Zatimco srazkové
thrny (D) ,prostorovych“ udélosti jsou v celém rozsahu o 10-20 % nizsi, doby
trvani (T') kratkych ,prostorovych® udalosti jsou srovnatelné s ,bodovymi*

Akronym Nge Sse D T R Iso E  Elg

Bodovi méfeni (priamér na stanici) 7.62 194.7 250 19.7 237 9.38 3.66 48.75
Prostorové primérovana meéreni

12.5 km 9.41 2056 214 16.2 214 7.20 292 28.88
25 km 9.00 1979 21.6 17.1 2.02 6.82 2.89 26.16
50 km 9.66 198.8 20.2 181 1.73 568 2.56 18.77
Sumarizace simulaci RCM
Primér z RCM 10.82 2234 20.0 232 1.04 293 202 7.88
12.5 km RCM 11.20 2125 18.8 259 0.86 3.00 1.90 7.96
25 km RCM 10.54 2152 19.8 223 1.08 3.12 2.04 9.08
50 km RCM 11.08 235.0 20.5 239 1.02 260 2.01 5.97
RCM simulace (primér na gridbox)
CLM 10.84 208.9 19.2 228 1.06 391 2.09 13.58
HadRM3Q0__ERA40 11.83 239.2 19.6 20.6 1.19 3.74 2.11 12.28
HadRM3Q3_ ERA40 10.05 169.5 16.5 18.8 1.00 2.90 1.70 6.99
HadRM3Q16_ERA40 11.40 226.7 19.1 21.5 1.08 3.21 1.98 9.56
HadRM3Q0__HadCM3 11.33 2783 239 232 1.28 4.20 262 16.90
HadRM3Q3_HadCM3 10.51 209.0 19.5 21.6 1.04 3.01 2.01 8.56
HadRM3Q16__HadCM3 10.31 231.7 21.6 232 1.11 3.48 227 11.84
H5 ARPEGE 7.61 1327 169 174 1.19 283 1.70 5.67
H5_BCM 12.70 246.6 185 20.5 1.08 2.51 1.83 5.27
H5_ECHAMS5 11.11 2247 19.0 205 1.13 291 192 6.54
RACMO2_ECHAM5 9.42 191.0 20.2 26.6 091 281 2.02 7.69
RACMO2_MIROC 9.67 2178 224 31.1 0.85 274 224 8.63
RACMO22E 11.20 2125 188 259 0.86 3.00 1.90 7.96
RCA4_CanESM2 10.65 221.5 20.0 239 1.01 263 197 6.01
RCA4_CM5A-MR 11.14 219.4 19.2 22.7 1.02 253 1.89 5.46
RCA4 CNRM-CM5 12.38 289.2 22,5 25.0 1.07 277 223 6.94
RCA4 EC-EARTH 11.11  249.7 21.7 264 0.95 244 211 5.86
RCA4 ERAINT 10.20 208.1 19.9 23.0 1.03 2.67 1.97 6.04
RCA4_ESM2M 12.08 275.6 22.2 26.1 0.99 253 217 6.25
RCA4 ESM-LR 11.45 2579 21.9 25.0 1.06 2.72 217 6.65
RCA4_HadGEM2-ES 9.93 1733 16.8 21.6 0.93 235 1.62 4.35
RCA4_MIROC5 10.11 221.2 21.2 23.0 1.11 283 2.11 6.67
RCA4 NorESM1-M 11.76 233.8 19.2 219 1.03 257 1.89 541

Tabulka 3.2: Pocet intenzivnich srazkovych udélosti za sezénu (Nge [-]), sezénni
srazkovy dhrn pfindSeny intenzivnimi uddlostmi (Sse [mm]) a prumérné cha-
rakteristiky individudlnich srézkovych udélosti (D [mm], T’ [mm], R [mm-h~!],
Iso [mm-h~1], E [MJ-ha=!] and Elgy [MJ-mm-ha=!-h~1]) pro kontroln{ obdobi
1981-2000 v méfenych datech a v simulacich RCM.
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pro 12.5 a 25 km rozliseni a vyssi (o ~ 20 %) pro 50 km rozliSeni. Doby
trvani dlouhych udélosti jsou poté pro vSechna prostorova rozliseni kratsi
v porovnani s bodovymi daty (o ~ 16 % v pruméru). Pramérnd intenzita
udalosti (R) je v prostorovych datech srovnatelnd s bodovymi pro malé
hodnoty nacez vyrazné klesé s rostoucimi hodnotami. Ostatni ,,prostorové®
charakteristiky jsou nizsi nez ,,bodové“ a dale klesaji s rostoucim kvantilem.

Ackoliv vétsina ,,prostorovych® charakteristik klesa s hrubsim rozlisenim
prostorového prumérovani (kromé doby trvani, kde je efekt prostorového
rozliseni opacny), rozdilnosti mezi charakteristikami v jednotlivych rozlise-
nich jsou vcelku malé, zvlasté pokud vezmeme v tivahu celkové rozdilnosti
v charakteristikach napri¢ fesenym tizemim. Z tohoto diivodu jsme prostorové
priumérovand data pro posouzeni poméru rt, dale nerozliSovali podle rozlisent,
ale v tvahu brali pouze primér ze vsech tii rozliseni a potencialni rozptyl,
dany minimalnim 5% a maximalnim 95% kvantilem z rozdéleni charakteristik
vSech analyzovanych okoli (viz Obr. 3.5).

B 3.3.2 Charakteristiky srazkovych udalosti v simulacich RCM

Simulované charakteristiky intenzivnich srazkovych udéalosti byly porovnany
s méfenymi bodovymi daty podle ukazateli obdobné jak je popsano v pred-
chazejici Kapitole 3.3.1/ s tim rozdilem, ze ,,prostorové“ charakteristiky byly v
tomto pripadé vypocteny ze simulovanych hodnot v gridboxech a ,,bodové“
charakteristiky ze vSech stanic spliujici pozadavky na data (nejméné 10 let
zdznamu ve validacnim obdobi 1981-2000).

Uvazované pomeéry se v pripadé posuzovani simulaci RCM sestavaji z
kombinace zkresleni charakteristik v simulacich RCM a efektu prostorového
praumérovani mérenych dat, proto byly simulované charakteristiky déle posu-
zovany také vzhledem k charakteristikdm srazkovych udalosti z prostoroveé
prumérovanych mérenych dat (jako piiklad je uvedeno porovnani kvantilovych
poméri rt, na Obr. |3.5).

Z porovnani kvantilovych poméri rt, pro RCM simulace a prostorové prii-
mérovand méfeni posuzovanych charakteristik srazkovych udélosti (Obr. |3.5))
je patrné, ze nejlépe jsou reprezentovany srazkové thrny (D) a to zejména pro
udalosti s vysokymi thrny (nizké ihrny jsou v pruméru vsech simulaci RCM
mirné podhodnoceny). Doby trvani srazkovych udélosti (1) jsou reprezento-
vany relativné dobre jen pro dlouhé udalosti, oproti tomu trvani nejkratsich
srazkovych udélosti je vysoce nadhodnocené (v praméru 2.3krat, t.j. o 4.1 h).
Rozdil mezi simulovanou a mérenou primérnou intenzitou srazkovych udé-
losti (R) roste s rostoucim kvantilem. Silnéjsi podhodnoceni nejvyssich R je
zpusobeno znatelnym nadhodnocenim nejkratsich dob trvani udalosti (7).
Maximalni 60min intenzita v prubéhu udélosti (Igo) je silné podhodnocena (v
pruméru o 30 %) pricemz silnéjsi podhodnoceni se vyskytuje zpravidla opét
pro vyssi hodnoty. Indikatory potencidlu erozivity jsou téz podhodnocené.
Energie srazkové tudalosti (E) zavisi na hodnotach srdazkového thrnu (D)
a dobé trvani (T'), kdy nadhodnoceni dob trvani (7') pro kratké uddlosti
¢astecné kompenzuje podhodnoceni nizkych thrnt (D), coz vede k 15% pod-
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Obrazek 3.5: Prumérné kvantilové poméry (rt,) pro charakteristiky srdzkovych
udalosti ze vsech gridboxt simulaci RCM. Plné ¢erna Cara zobrazuje prumér
ze viech simulaci RCM. Sedé oblasti vyznacuji obalku pro kvantilové poméry
z prostorové prumérovanych dat (vymezenou minimalnim 0.05 a maximalnim
0.95 kvantilem ze vSech okoli) a pferusovand ¢ernd ¢dra udava prameér ze tii
posuzovanych prostorovych rozliseni.

hodnoceni energie (E) v simulacich RCM pro nizké kvantily. S rostoucim
kvantilem rozdil mezi simulacemi RCM a méfenymi daty roste, avsak diky
dobré reprezentaci tthrnt (D) vysokych hodnot je podhodnoceni E mensi v
nejvyssich kvantilech.

Rozdilnosti v histogramech rozdéleni ¢etnosti srazkovych udalosti vyjadrené
pomérem rt¢ ukazuji v simulacich RCM podhodnoceni poctu kratkych udalosti
s dobou trvani (T) do 10 h. Dalsi vyznamny rozdil je patrny v po¢tu udélosti
s malymi primérnymi (R) a zejména malymi maximalnimi 60min intenzitami
(Is0), jejichz pocet je v simulacich RCM nadhodnocen. Dusledkem je pak
nedostatek udalosti s vy$§imi intenzitami (R > 3 mm-h~! a Isp > 6 mm-h~!),
které jsou v prostorové prumérovanych datech vyrazné castéjsi.

Pocet intenzivnich srazkovych udalosti za sezénu (Nge) je podle poméru 7t
v simulacich RCM vyssi ve srovnani s bodovymi daty (az o 46 %), nicméné
ve srovnani s prostorové prumérovanymi daty je rozdil pouze 16% (tedy
1.5 udalosti na sezénu). Rozdily mezi simulacemi RCM a méfenymi daty
v sezénnich thrnech prindsenych témito intenzivnimi udalostmi (Sse) jsou
v rozmezi —33 az +48 %, pricemz v pruméru simulace RCM ukazuji na sezénu
+11 % (23 mm) ve srovnani s prostorové primérovanymi sezénnimi dhrny.

B 3.3.3 Vliv nadmoiské vysky

U charakteristik srazkovych udalosti simulovanych RCM byl sledovan také vliv
nadmorské vysky. Linearni regresni model zavislosti byl aplikovan na vztah
mezi p-tym kvantilem (pro p = 0.05,0.1,...,0.95) rozdéleni charakteristik
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uddlosti a nadmorskou vyskou pro simulace RCM a mérend bodova data.
Vliv nadmoiské vysky byl nasledné analyzovan jako zména charakteristiky
na 100 m nadmotské vysky:

g = 2 00 [, (3.2

«

kde (3 je regresni koeficient (slope) a « intercept.

Z Obr.|3.6/je pro vétsinu simulovanych charakteristik patrna relativné dobra
reprezentace zavislosti na nadmorské vysce v porovnani s bodové mérenymi
daty (trendy pro vSechny kvantily jsou v rozmezi —5 az 10 % na 100 m),
prestoze nékolik simulaci s rozlisenim 25 a 50 km vykazuje silnéjsi zavislost
linearni zavislost na nadmorské vysce v RCM simulacich statisticky vyznamna
(na hladiné vyznamnosti 0.05) pro 68 % vsech posuzovanych charakteristik
pro vsechny kvantily, ackoliv prumérna (R) a maximélnimi 60min intenzita
(Iso) vykazuji mensi procento statisticky vyznamné zavislych hodnot (jen 58
a 51 %, zatimco v pozorovanych datech se jedna o 100 a 95 % vsSech hodnot).

Pocet intenzivnich srdzkovych udélosti za sezénu (Ng) a sezénni thrny
prindsené témito udalostmi (Ss) jsou v simulacich RCM silné zavislé na
nadmorské vysce. Z pohledu hodnot regresniho koeficientu 5 je zavislost Nge
(Sse) 1.8-7.7krat (1.1-5.9krat) silnéjsi v simulacich RCM nez v pozorovanych
datech. Vysledkem tedy je, ze pro vétsinu simulaci RCM nejsou tyto linearni
zavislosti v porovnani s bodovymi daty prilis realistické a pouze simulace
ve vy$$im rozliSeni (12.5 a 22 km) zachycuji zavislost adekvatné i ve srovnani
s pozorovanymi daty (narust v pozorovanych datech je 8.4 a 13.4 % na 100 m
pro Nge & Sge).
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Obrazek 3.6: Zavislost mezi charakteristikami intenzivnich srdzkovych udélosti
a nadmorskou vyskou pro simulace RCM a bodova méfend data. Zavislost je
vyjadiena jako zména charakteristiky v % se 100 m nadmorské vysky pro odpo-
vidajici pravdépodobnosti podle distribu¢nich funkei charakteristik srazkovych
udalosti. Prostorové rozliseni RCM simulaci je odliSeno barvou, tucné cary s
body (pro kvantily rozdéleni p = 0.05,0.1,...,0.95) zobrazuji prumér z RCM
simulaci podle prostorového rozliseni.
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B 3.4 Simulované budouci zmény
v charakteristikach srazkovych udalosti

Zmény v charakteristikach srazkovych udalosti simulovanych RCM pro dvojici
scénarovych obdobi (SCEL: 2020-2049 a SCE2: 2070-2099) byly posuzovany
vzhledem ke kontrolnimu obdobi 1981-2000 (¢lanek je obsahem Piilohy |C]).
Udalosti byly definovany stejné jako v pripadé validace v kontrolnim obdobi
a opét byly vybrany pouze intenzivni srazkové udélosti za obdobi kvéten—
zari. Obdobné jako pro validaci simulovanych charakteristik byly vyuzity t¥i
ukazatele k vyhodnoceni zmén mezi scénarovym a kontrolnim obdobim a to
pro:

1. primérnou charakteristiku pro kazdy gridbox nélezici do feseného tizemi
(ukazatel zmény oznacen jako rtsy; tato zména byla opét analyzovana
jak v charakteristikach individualnich intenzivnich udalosti tak v charak-
teristikdch sezdénnich),

2. p-ty kvantil distribu¢ni funkce rozdéleni charakteristik individudlnich
srazkovych udélosti pro kazdy gridbox pro kumulativni ¢etnosti p =
0.05,0.1,...,0.95 (oznaceno jako kvantilovd zména rtsy),

3. prostorové primérované ro¢ni cetnosti vyskyt podle histogrami hodnot
charakteristik individuédlnich srazkovych udélosti (histogramova zména
rtst).

Ackoliv v blizSim scénarovém obdobi se pocet intenzivnich srazkovych
udalosti (Nge) oproti kontrolnimu obdobi p#ilis nemeéni, v obdobi pro zavér
21. stoleti (2070-2099) je jiz znatelny pokles v poc¢tu intenzivnich uddlosti
pro vSechny simulace RCM (az o 19 %, tedy dvé udalosti za sezénu). Zmény
v sezénnich thrnech pfindsenych témito udalostmi (Sse) vykazuji proménlivost
pro ruzné simulace RCM, a jsou opét vyssi ve vzdalengjsim obdobi (zmény
dosahuji rozptylu od 20% tdbytku po 19% néartstu ve srdzkovych thrnech pro
ruzné RCM).

Podle predpokladanych zmén v primérnych charakteristikach srazkovych
udélosti (rtsy pro thrn D, dobu trvani 7', maximélni 60min intenzitu Igo
a energii srazkové udélosti E), v pruméru na fesené uzemi, byly simulace
rozdéleny do ¢tyr zakladnich skupin:

a) RCM simulace predpokladajici pouze malé zmény (< 10 %) ve vSech cha-
rakteristikdch srazkovych udélosti pro obé scénafova obdobi (6 simulaci),

b) RCM simulace predpokladajici rust v D, Isp a E a pouze malou zménu
(<10 %) v T (15 simulacf),

¢) RCM simulace pfedpoklddajici rust v D, Igo a E s prevlddajicim nartustem
iv T (4 simulace),

d) RCM simulace predpokladéjici rust v gy v kombinaci s poklesem T
(pri¢emz zmény v D a E jsou prevazné malé)(5 simulaci).
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Kvantilové zmény (rts;,) jsou v blizsim scénarovém obdobi v priaméru pro
vSechny simulace RCM a vSechny kvantily malé (< 10 %), k vyraznéjsimu
nartstu charakteristik dochazi az v obdobi 2070-2099 jak ukazuje Obr. |3.7.
Vyjimkou je doba trvani udalosti (7°), ktera se u velkého mnozstvi simulaci
RCM ve vzdélenéjsim vyhledu naopak mirné zkracuje (zvlasté pro nejkratsi
srazkové udélosti). Ostatni charakteristiky vykazuji vSeobecné mirné vyssi
rust pro vyssi hodnoty.

Histogramové zmény (rts¢) jsou v obou scénarovych obdobich velmi po-
dobné. Pocet intenzivnich srazkovych udalosti s nizkymi hodnotami v thrnech
(D), prumérnych (R) a maximalnich 60min intenzitach (Isp) a energiich (E)
stejné jako pocet uddlosti s dlouhou dobou trvani (T') v scénafovych ob-
dobich klesi. Naopak znatelny je rust poctu udalosti s vyssimi (avSak ne
uz tolik s nejvyssimi) hodnotami pro R (v rozmezi cca 2-4 mm-h~!) a Igg
(4-10 mm-h~1).

B 3.4.1 Viliv radiaéniho piisobeni a teploty

Vzhledem k tomu, ze atmosférickéd teplota mize ovliviiovat intenzitu srédzko-
vych extrému (napf. [Utsumi et al. 2011; Westra et al.[2013) byla ve scénédro-
vych obdobich zanalyzovana také zavislost mezi zménami v charakteristikéch
individualnich srazkovych udélosti a simulovanymi zménami v dennich prameér-
nych teplotach (T2M [°C]) a celkovém radiaénim ptisobeni (RFO [W-m~2]).

Zmény v radia¢nim pusobeni a denni teploté byly analyzovany podle
ukazatele rtsy, stejné jako charakteristiky srazkovych udélosti (viz bod 1.
v Kapitole 3.4)). Nasledné byly zmény prostorové zprimérovany na tzemi
CR (jedna hodnota pro kazdou charakteristiku v simulaci RCM za scénarové
obdobi) a na cely set vSech analyzovanych RCM simulaci byl aplikovan linearni
regresni model zévislosti mezi zménami (rtsy,) charakteristik individudlnich
uddlosti (a sezénnich charakteristik) a zménami v radia¢nim pusobeni a
teploté.

Vsechny emisni (SRES A1B) a koncentra¢ni (RCP2.6, RCP4.5 a RCP8.5)
scénare, posuzované v ramci nasi studie, predpokladaji rist v radia¢nim
pusobeni v pribéhu budoucich scénarovych obdobi. S vyjimkou koncentrac-
niho scénéie RCP2.6 je nartist v radiaénim ptisobeni vyssi ve vzdalenéjsim
scénarovém obdobi, pricemz nejvyssi narust predpokladaji scénare SRES A1B
a RCP8.5. Vsechny simulace RCM pak predikuji také rust teplot, kdy ve
vzdalenéjsim scénarovém obdobi dosahuje zména teploty (72M) v pruméru
ze simulaci 3.2 °C (pro ndmi definované sezénni obdobi, tedy kvéten—zaii).

Vétsina charakteristik srazkovych udalosti v souboru simulaci RCM zavisi
na radia¢nim ptsobeni a teploté, pricemz tyto zavislosti jsou pro vétsinu
charakteristik podobné (Obr. 3.8/ ukazuje zavislost zmény pramérnych charak-
teristik srazkovych udélosti na zméné v dennich teplotéch). Mirné odlisnosti se
projevuji ve srazkovych tthrnech (D), které nevykazuji statisticky vyznamnou
zévislost na teploté, avsak mirny néarast s rostoucim radia¢nim piisobenti jiz
vyznamny je, a také v dobéch trvani (T), kde je situace opacnd a statis-
ticky vyznamny je pokles T jen s rostouci teplotou. Rist v pramérnych (R)
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a maximalnich 60min intenzitach (Igp) béhem srazkovych udalosti, stejné
jako pokles v poc¢tu intenzivnich srazkovych udélosti (Nge) jsou vyznamné
z&vislé na narustajicich hodnotéch radia¢niho pusobeni a teploty (na hladiné
vyznamnosti 0.01). Pramér ze souboru simulaci RCM ukazuje rust o 6.5 %,

Group of
RCM simulations

CLM

=== HadRM3

=== HIRHAM5

rtsy []

=== RACMO2

=== RACMO22E

RCA4

09/3

T T T T T T
025 050 0.75 025 050 0.75
Cumulative probability [-]

Obrazek 3.7: Srovnani kvantilovych zmén (rts,) pro charakteristiky srdzkovych
udélosti simulovanych RCM ve dvou scénarovych obdobich: 2020-2049 (SCEL1) a
2070-2099 (SCE2). Pro kazdou simulaci RCM je zobrazen prumér z gridboxt
pokryvajici fesené tizemi (simulace jsou rozliseny barevné podle RCM), prumér
z celého souboru RCM simulaci je vyznacen ¢ernou kiivkou.
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resp. 9.1 % na 1 °C pro RR a I60.

Charakteristiky extrémnich udalosti (v 95% kvantilu) nevykazuji vyraznéjsi
citlivost na zménu teploty oproti primérnym hodnotam charakteristik, i
zavislost na zméné radiac¢niho piisobeni je silnéjsi pouze minimalné.

_— D T R leo
Q
B 2.0
§ Period
g 164
o ° e SCE1
8 o * ° o P
o 9, U ) 0_ %9
2 12 a0 8- %0 | | e 8 e~ 00| | AT 0 o SO
S " %%
S 084
g Forcing
§ E Elgo Nee Sso ® AIB
°

4:’ 2.0

-0 ©  rcp26
3 ° p:
g °
= 164 o & o repd5
‘e ° o ® O e -
‘@ ] e o9 ) & 5o - =07 o 00 rcp85
£ ey - Botn | (TS Po °° o <S8 0 ° o
5 0.8 ° e ° W"VU’O?‘.G’ bt o 050
H o T T T T T T T T T T T T
=~ 1.1 1.2 1.3 1.1 1.2 1.3 1.1 1.2 1.3 1.1 1.2 1.3

rtsmin T2M [-]

Obrazek 3.8: Zavislost zmén charakteristik srazkovych udalosti na zméné teploty.
Vsechny hodnoty 7tsy, jsou zprumérovany na resenou oblast. Linedrni regresni
modely prolozeni s 95% intervalem spolehlivosti (Sed4 zéna) jsou pfidany jako
prerusovand cara.
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Kapitola 4

Diskuze a zaver

Vedle analyzy korelaéni struktury srazkovych dat (pfi niz bylo vyhodnoceno
vyuziti t¥i korela¢nich koeficientd a nékolika korela¢nich modelt s jednim
aZ tfemi parametry pro vyjadieni mezistaniéni korelace), jsou hlavni zévéry
prace sméfovany k srazkovym udalostem v Ceské republice. Préce piedstavuje
metodiku pro vyhodnoceni srazkovych charakteristik a jejich potencidlnich
zmén v simulacich RCM z pohledu individuélnich srazkovych udalosti, jejichz
vyznam v soucasném klimatu nabyva na vaze a které jsou dilezité z pohledu
mnoha hydrologickych aplikaci.

B Prostorova korelaéni struktura v méfenych srazkovych datech

7 analyzy korelacni struktury srazkovych dat na pfikladu Kralovéhradeckého
kraje muzeme potvrdit, ze pouziti neparametrickych odhadu korelace jako je
Spearmantv nebo Kendalliv korelac¢ni koeficient se jevi pro vyjadieni kore-
la¢ni struktury srazkovych dat vhodnéjsi nez vyuziti klasického Pearsonova
korela¢niho koeficientu, na jehoz nespolehlivost upozornuji Habib et al.| (2001)
nebo Krajewski et al.| (2003). K co nejpfesnéjsimu modelovému vyjadieni
korela¢ni struktury v regionalnim méritku je pak zasadni vyuziti viceparamet-
rickych modeli (¢asto pouzivané jednoparametrické modely korelace nedokazi
spolehlivé zachytit zmény v malych vzdélenostech).

Vliv sezonality na korela¢ni strukturu je znacny, v letnich mésicich (¢erven—
srpen) mezistaniéni korelace klesd se vzdalenosti strméji nez v zimé, coz
miuzeme vyhodnotit jako dusledek vyssiho podilu lokalizovanych srazkovych
udalosti s kratkou dobou trvani a vysokou intenzitou (jak pro letni ¢ast roku
udava . Strméjsi pokles korelace s rostouci nadmotskou vyskou
v malych vzdalenostech signalizuje orografické vlivy na mnozstvi sriazek a
potencialné také na charakteristiky srazkovych udalosti.

B Charakteristiky srazkovych udalosti

Charakteristiky srazkovych udalosti pro kontrolni obdobi 1981-2000 byly
posuzovany v souboru 23 simulac{ RCM. Individuélni udalosti byly definovany
na zakladé 6h intervalu mezi udalostmi (dle konceptu MIT) a minimélniho
hodinového srazkového intervalu rovnému 0.1 mm. Pozornost byla vénovana
pouze intenzivnim udalostem, které byly vybrany na zdkladé kritéria dle
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metodologie USLE (udalosti odvozené z bodovych méfenych dat majici ihrn
vétsi nez 12.7 mm, intenzitni kritérium nebylo z divodu ¢asového rozliseni
dat aplikovdno), ¢emuz odpovidd ~ 15 % udélosti s nejvyssimi thrny.

Jako potencidlni zdroj ¢asti rozdili v porovnani RCM simulovanych a bodo-
vych mefenych charakteristik individualnich srazkovych udélosti byl vyhodno-
cen efekt prostorového pramérovani srazkovych dat. Prostorové priumérované
charakteristiky z bodovych méreni byly analyzovany ve tfech prostorovych
rozliSenich (odpovidajicich simulacim RCM, tedy 12.5, 25 a 50 km) a cha-
rakteristiky simulovanych gridboxovych srazkovych udélosti byly nasledné
vyhodnoceny vzhledem k témto prostorové primeérovanym charakteristikam.
Samotné odhady efektu prostorového priimérovani jsou zatizeny radou nejistot
(jejichz prehled uvadi |Svensson et Jones|[2010), v nasem piipadé se jednd
zejména o prostorovou variabilitu v kombinaci s pokrytim reseného tzemi
srazkomérnymi stanicemi. Jelikoz pro spolehlivy odhad je nezbytny dostatecny
pocet srazkomérnych stanic, byl analyzovan vliv poc¢tu stanic z kterych mohou
byt odvozeny prostorové prumérované charakteristiky srazkovych udalosti na
tizem{ Prahy (500 km?) s hustou siti 22 srazkomérnych stanic (postup sestéval
z opakovaného vypoctu poméru rt,, z dat z ndhodnych vybérua stanic podle
poc¢tu od 2 do 22). Vétsina prostorové priumérovanych charakteristik srazko-
vych udalosti vykazovala zavislost na poc¢tu stanic zahrnutych do vypoctu,
zejména pokles v charakteristikdch intenzity s rostoucim poctem stanic je
znatelny. Nejvyraznéjsi zmény byly pozorovany mezi prostorovymi prameéry
pocitanymi z malého poctu stanic, pro 6 a vice stanic jiz rozdily nejsou tolik
vyrazné (coz je v souladu se studii Allen et DeGaetano|2005, ktef{ uddvaji,
Ze pocet stanic vyssi nez 9 jiz nemd vyznamny vliv na odhady ARF). Pro
tizemi Ceské republiky bylo mozné vyuzit v podrobnéjsich rozliSenich nez
50 km pouze omezené mnozstvi stanic (v pruméru na okoli méné nez 3), proto
prostorové prumérované charakteristiky pro tyto rozlisSeni (12.5 a 25 km)
mohou byt nedostatkem stanic negativné ovlivnény.

Ackoliv charakteristiky udélosti simulovanych RCM vykazuji ve vztahu
k bodovym mérenim obdobné trendy rozdilnosti jako prostorové primeérované
charakteristiky (pro vétsinu charakteristik, kromé dob trvani, pokles oproti
bodovym dattim), rozdil mezi charakteristikami udélosti simulovanych RCM a
charakteristikami udalosti odvozenych z prostorové priumeérovanych meéreni je
v porovnani s bodovymi daty pro simulovand data znatelné vétsi. Rozdilnost je
tedy zpusobena predevsim zkreslenim charakteristik v RCM simulacich, které
je ve srovnani s méfenymi bodovymi daty zvyraznéno efektem prostorového
prumérovani.

Prestoze v pruméru byly pocty sezénnich intenzivnich uddlosti a jejich
celkové thrny reprezentovany relativné dobie, mezi gridboxy v ramci jednot-
livych simulaci RCM byly pozorovany velké rozdily v porovnani s prostorove
primérovanymi daty, zejména diky nadmoiské vysce. Uhrny extrémnich sréz-
kovych udalosti (v 95% kvantilu, tedy s periodou opakovani 20 let) jsou
v simulacich RCM reprezentovany velmi dobre. Vzhledem k mirnému pod-
hodnoceni thrnt ostatnich intenzivnich srdzkovych uddlosti a k relativné
dlouhé prumérné dobé trvani uddlosti (> 16 h), jsou vysledky v souladu se
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studii Hanel et Buishand (2010), ktef{ uvadéji pro izemi Nizozemska dobrou
reprezentaci dennich srazkovych extrémi, zatimco hodinova maxima maji
tendenci byt pili§ nizka. Pro Ceskou republiku ze souboru simulaci RCM z
projektu ENSEMBLES udéavaji Hanel et Buishand (2012)) vyssi podhodno-
ceni dennich srazkovych extrémi v letnim obdobi (az 17 %), nicméné toto
zkresleni je v obdobi jara a podzimu vyrazné mensi, takze kvéten a zari ve
srazkovych datech mize letni podhodnoceni kompenzovat a proto je v nasi
studii podhodnoceni thrnt srazkovych udalosti mensi.

Studie zverejnéné v poslednich letech, posuzujici simulace RCM podle
horizontalniho prostorového rozliseni (napi. Ban et al.|2014; |(Chan et al.|2014;
Kendon et al.|2014), naznacuji lepsi reprezentaci srazkovych charakteristik
v hodinovych extrémech pro RCM s podrobnéjsim rozlisenim. Hlavnim di-
vodem lep$i reprezentace hodinovych extrémi je ovSem predevsim zavedeni
(alespon ¢astecného) feseni konvektivnich procesi, kdy s rozliSenim blizicim
se méfitku umoznujici konvekce (kolem 4 km podle Prein et al.2015) je mozné
velkou ¢ést konvektivnich parametrizacnich schémat odstavit (Fosser et al.
2015)). VSechny nami analyzované simulace RCM musi spoléhat na konvek-
tivni parametrizaci a proto rozdily v simulacich RCM s riiznym prostorovym
rozliSenim jsou pouze malé a nejsou systematické. K obdobnému zavéru dosli
téz Sunyer et al.| (2016), ktefi udévaji pro srazkové extrémy v simulacich
RCM s konvektivni parametrizaci rozdily v dusledku riznych prostorovych
rozliseni mensi nez v dtsledku samotné kombinace RCM a GCM.

Charakteristiky srazkovych udalosti v simulacich RCM s nejhrubsim roz-
lisenim (50 km) vykazuji rozdilnosti oproti ostatnim simulacim prakticky
pouze v nejvyssich maximalnich 60min intenzitach, které jsou vice podhodno-
cené (ale také pocty uddlosti s vyssimi 60min intenzitami jsou zde vyrazné
nizsi v porovnani s prostorové primérovanymi daty i ostatnimi simulacemi).
Timto lze potvrdit zévéry Sunyer et al.| (2016]), ze simulace RCM v 50km
prostorovém rozliseni nejsou schopny spolehlivé reprezentovat hodinové ex-
trémy, zatimco denni hodnoty se zdaji byt prakticky nezavislé na prostorovém
rozliseni simulaci RCM.

Simulované hodnoty maximélnich 60min intenzit stejné jako pocet sréazko-
vych udalosti s vysokymi prumérnymi intenzitami jsou ve vsech simulacich
RCM vyrazné nizsi nez v méfenych datech. To mtze byt zpiisobeno opét kon-
vektivni parametrizaci jak upozornuje Kysely et al.| (2016|), protoze v letnich
mésicich dochazi v simulacich RCM k podhodnoceni intenzit v konvektivnich
srazkach. Podobné vysvétleni nedostatku vysoce intenzivnich srazkovych uda-
losti s kratkou dobotu trvani v simulacich RCM udéava také [Kendon et al.
(2012]).

Nadhodnocovani dob trvani udalosti je nasledek casto zminované tendence
RCM reprezentovat prilis mnoho vytrvalého mrholeni a podhodnocovat pocet
bezsrazkovych dni (Fowler et al.|2007; Boberg et al. [2009; Kendon et al.
2012). Nejvice patrné je nadhodnoceni v ptipadé udalosti s kratkou dobou
trvani, které jsou i vice nez dvakrat delsi. Vysoké nadhodnoceni kratkych
dob trvani pak zpusobuje vyssi podhodnoceni vysokych primérnych intenzit.
Problém s prilis dlouhou dobou trvani srazkovych udalosti se objevuje i v
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pripadech RCM s vysokym rozlisenim jak udava napr. Fosser et al. (2015) pro
simulaci RCM COSMO-CLM s horizontalnim rozlisenim 2.8 km a vypnoutou
vétsinou konvektivnich parametrizaci. Pokud bychom doby trvani srazkovych
udalosti v simulacich RCM opravili, tzn. proporcionédlné zkratili podle po-
méru rt,, dostali bychom sice hodnoty primérné intenzity dobfe souhlasici
s prostorové prumérovanymi daty, nicméné narust ostatnich charakteristik
(maximélni 60min intenzita, energie a index erozivity srazkové udalosti) by
byl nedostateény a charakteristiky by zustaly stdle podhodnocené.

Zavislost charakteristik individualnich srazkovych udalosti na nadmorské
vysce je reprezentovana v simulacich RCM podobné jako v bodovych mére-
nych datech, pricemz rozdily v sile zavislosti jsou mezi posuzovanymi kvantily
charakteristik povétsinou malé. Nejvétsi rozdilnosti oproti bodovym datiim
(zejména v charakteristikdch souvisejicich s intenzitou) jsou patrné pro simu-
lace v hrubsim (50 km) rozliSeni. Pocet individudlnich srazkovych udalosti a
jejich sezénni thrny nartstaji s vyssi nadmorskou vyskou a tato zavislost je
lépe zachycena v obou simulacich s nejjemnéjsim prostorovym rozlisSenim (12.5
a 22 km) jako ocekdvany disledek lepsi reprezentace orografie jak naznacuji
Rauscher et al.| (2010) nebo [Prein et al.| (2016)).

Simulace RCM fizené reanalyzami klimatu (ERA40 a ERA-INTERIM)
ve vysledku nevykazuji lepsi reprezentaci charakteristik srazkovych udélosti
ve srovnani se simulacemi RCM fizenymi GCM, coz muze byt odivodnéno
stejnym argumentem jako uddvaji|Hanel et Buishand| (2010)), tedy Ze zkresleni
v simulacich RCM je ddno z vétsi ¢asti spiSe parametrizacemi srazkovych
procesii nez okrajovymi podminkami klimatického modelu.

B Zmény v charakteristikach srazkovych udalosti

Predpokladané zmény v charakteristikach srazkovych udélosti byly vyhodno-
ceny pro dvojici scénérovych obdobi (2020-2049 a 2070-2099), v nichz byly
srazkové udalosti definovany stejnym postupem jako pro kontrolni obdobi.
K analyze byl vyuzit soubor ¢itajici celkem 30 simulaci RCM.

Relativni zmény v charakteristikach srazkovych udalosti jsou vSeobecné
vyraznéjsi ve vzdalenéjsim scénarovém obdobi (2070-2099). Pocet intenzivnich
srazkovych udélosti ve scénarovych obdobich klesd (az o 19 %), pri¢emz
zmény v sezdé4nnich thrnech intenzivnich srazkovych udalosti v simulacich
RCM nejsou jednoznacné a vykazuji rozptyl od —20 % do +19 %. Velka
¢ast simulaci (15 z 30) predpoklada rust (> 10 %) v uhrnech intenzivnich
srazkovych udalosti, maximéalnich 60min intenzitach a energiich srazkovych
udalosti, pricemz doba trvani udalosti zustava prakticky beze zmén nebo
se v prubéhu vsech sledovanych obdobi méni jen minimalné. Navic znacna
¢éast analyzovanych simulaci (vice nez tfetina) vykazuje v maximdalnich 60min
intenzitach a energiich ve vzdalengjsim scénafovém obdobi zmény vyssi nez
+20 %. Ostatni simulace vykazuji pouze malé zmény (< 10 %) v téchto
charakteristikdch v pribéhu obou scénarovych obdobi (6 simulaci) nebo
predikuji rst maximélnich 60min intenzit v kombinaci se zménami v dobach
trvani udédlosti (4 simulace predpokladaji riust dob trvani a 5 simulaci naopak
pokles).
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Udavané zmény charakteristik srazkovych udalosti jsou primérovany na
celou Ceskou republiku, nicméné ve viech simulacich RCM byla patrna
pomérné vyrazna prostorova variabilita zmén. Pro pocty intenzivnich udalosti
(vyssi pokles) a jejich celkové sezénni uhrny (vyssi pokles nebo nizsi narust)
je tato prostorova variabilita zmén do zna¢né miry navizana na rostouci
nadmotskou vysku. Na prostorovou variabilitu zmén ostatnich charakteristik
individualnich srazkovych udalosti nadmorské vyska vyznamny vliv nema.

Ackoliv |Jacob et al.| (2014) udévaji ze souboru simulaci z projekti ENSEM-
BLES a EURO-CORDEX nartst v dennich intenzivnich letnich srazkach pro
tizemi Ceské republiky az o 25 % pro konec 21. stoleti (a vyraznéjsi zmény
v simulacich dle scénare RCP8.5), v nasi studii (posuzujici intenzivni srazkové
udalosti za obdobi kvéten—zari z hodinovych dat) jsou zmény v tthrnech indivi-
duélnich srazkovych udélosti i v celkovych thrnech prindsenych intenzivnimi
udalostmi obecné mensi a bez vyraznéjsich rozdilt mezi scénaii RCP4.5 a
RCP8.5. Rozdilna situace je ovSsem patrnéd v primérnych a maximalnich 60min
intenzitach, kde je jiz v ve vSech simulacich RCM podle RCP8.5 znatelné
vyssi narust v porovnani s RCP4.5.

Simulace RCM ukazuji mirné vyssi narusty pro vyssi (extrémnéjsi) hodnoty
charakteristik srazkovych udédlosti (s vyjimkou doby trvani), pficemz v inten-
zitach srazkovych udélosti jsou naristy nejvyznamnéjsi. Doby trvani kratkych
udélosti se ve vzdalenéjsim scénarovém obdobi mirné zkracuji. Prestoze doby
trvani srazkovych udalosti v simulacich RCM se v priméru ve scénarovych
obdobich prilis nelisi od kontrolniho obdobi (zvlasté v obdobi 2020-2049), ve
vysledku zmény odpovidaji trendiim v (erozivnich) srazkovych udalostech jak
je z obdobi poslednich desetileti odvodili Hanel et al.| (2016), tedy narustu v
intenzitach a poklesu v dobéch trvani udalosti. Také dalsi studie pro ruzné
Casti (zdpadni, severni a stfedni) Evropy ukazuji naristy v intenzitich ex-
trémnich srazek a to jak v dennich (Frei et al.|2006; Kysely|2009; Kysely et al.
2011; [Hanel et Buishand |2012) tak v sub-dennich datech (Arnbjerg-Nielsen
2012; Hanel et Buishand [2010)). Jacob et al. (2014)) udavé z analyzy dennich
dat ze simulaci RCM pro obdobi konce 21. stoleti nartst stfednich a vysokych
srazkovych intenzit, zatimco nizké intenzity klesaji. Tomuto pfesné odpovida
rist primérnych a maximalnich intenzit intenzivnich srazkovych udalosti a
také pokles poctu intenzivnich udédlosti s nejnizsimi intenzitami jak je uvadéno
v nasi studii. Intenzifikace hodinovych srézek byla zjisténa také ze simulaci
modelu umoznujici feseni konvekce pro UK (Kendon et al.|2014])), ackoliv dalsi
studie posuzujici simulace RCM umoznujici konvekce udavaji naopak pokles
v rocnich a letnich hodinovych srazkovych extrémech pro Némecko (Knote
et al.[2010) a zdpadni ¢ast Spojenych statt (Pan et al.|[2011).

Zmény charakteristik srazkovych udalosti v simulacich RCM jsou ovlivnény
vétsim radia¢nim pusobenim a nartstajici teplotou ve scénarovych obdobich
(Houghton et al. 2001; Moss et al.|[2010). Pocet intenzivnich srdzkovych
udalosti s vétsim radiacnim piisobenim a rostouci teplotou klesa. Zatimco
pusobeni na srazkové thrny (rust s vétsim radia¢nim pusobenim) a doby
trvani udalosti (pokles s rostouci teplotou) je pouze miniméalni, charakteristiky
souvisejici s intenzitou udalosti ukazuji vyznamny rist s vétsim radia¢nim
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pusobenim a vyssi teplotou. Odhadovand zména v priumérnych intenzitach
srazkovych udalosti (6.5 % na °C) dobie odpovida predpoklddanym nartstim
srazkovych intenzit na zdkladé Clausius-Clapeyronovi rovnice (=~ 7 % na °C;
Lenderink et van Meijgaard|2008). Nartust v maximalnich 60min intenzitéch
v prubéhu udalosti je o néco vyssi (9.1 % na °C) a ackoliv hodnota spadé do
rozsahu, ktery udéavaji|Lenderink et van Meijgaard| (2008) pro data simulovand
RCM a podobnou hodnotu udavaji také |Hanel et Buishand, (2010), nékteré
dalsi studie pro simulace klimatickych modeli i pozorovana data uvadéji
mnohem vyssi nartsty na °C v hodinovych maximech, a to zejména pro
konvektivni srazky (napf. Berg et al.|[2013; Westra et al.[2014; [Molnar et al.
2015)). Duvodem proc¢ je v maximalnich 60min intenzitdch srazkovych udélosti
narust ,,jen* 9.1 % na °C muze byt samotny vybér srazkovych uddlosti, které
jsou definovany na zékladé minimalnich srazkovych thrna (do analyz jsou
tedy zahrnuty i udalosti s mensimi hodnotami maximalnich 60min intenzit).
Vzhledem k vétsimu ristu intenzit extrémnéjsich srazkovych udélosti (viz Obr.
3.7), se d& ocekavat také vyssi procento ndrtstu na 1 °C pro vyssi maximalni
60min intenzity v pribéhu téchto udélosti.

B zZavér

Ackoliv nebylo mozno predpokladat, ze soucasné RCM budou schopny dosta-
tecné presné simulovat sub-denni variabilitu srazek a tedy i charakteristiky
srazkovych udalosti predevsim s ohledem na jejich horizontalni rozliSeni a
s nim spojené nutné parametrizace (viz [Kendon et al. 2014; Westra et al.
2014]), identifikace nepfesnosti a chyb muze byt uzitecna pro budouci studie
vyuzivajici simulovand sub-denni srazkova data a také pro vyvoj klimatickych
modelu véetné zptresnovani parametrizaci, které je stale aktudlni (napf. |Grell
et Freitas|2014) i pres narustajici pocet simulaci RCM umoznujici konvekce.
Vzhledem k faktu, ze simulace RCM v podrobnéjsim méritku umoznujici
feSeni konvekce mohou simulovat zmény znac¢né odlisné od simulaci RCM
s konvektivni parametrizaci jak uvadi Kendon et al.| (2014), je nezbytné
interpretovat zmény tykajici se srazek a tedy i srazkovych udalosti podle
simulaci soucasnych RCM v sub-dennich méritcich se zvysenou opatrnosti.
Nejnovéjsi studie naznacuji, ze budoucnost vyzkumu by méla byt zamérena
pravé na klimatické modelovani ve vysokém rozliseni, které prinasi vérohod-
néjsi reprezentaci nejen v sub-dennich srazkovych extrémech (Prein et al.
2015)).
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Seznam pouzitych symboli a zkratek

ARF
Co
Cy

CDD

Elg

GCM

IDW

MIT

’I"tf

Areal Reduction Factor / prostorovy redukéni faktor
correlation distance / parametr vzdélenosti v korela¢nich modelech
nugget / parametr posuvu v korela¢nich modelech

Correlation Decay Distance / parametr vzdédlenosti v
exponencidlnich korela¢nich modelech

event depth / srdzkovy thrn udélosti [mm]
event rainfall energy / energie srazkové udélosti [MJ-ha=1]

event rainfall erosivity index / index erozivity srazkové udélosti
[MJ-mm-ha=!-h=1]

Global Climate Model / globélni klimaticky model

maximum 60min rainfall intensity during an event / maximé&lni
60min intenzita v pritbéhu udalosti [mm-h=!]

Inverse Distance Weighting / vaZzené inverzni vzdalenosti
(interpola¢ni metoda)

Minimum Inter-event Time / minimalni ¢as mezi srazkovymi
udalostmi (koncept pro odliseni individudlnich srazkovych udélosti)

number of heavy rainfall events per season / pocet intenzivnich
srazkovych udélosti za sezénu [

Ordinary Kriging / zédkladni kriging

Pearson’s product-moment correlation coefficient / Pearsontuv
korelacni koeficient

event mean rainfall rate / primérna intenzita udélosti [mm-h~!]

histogram ratio / pomér mezi histogramy prostorovych a bodovych
charakteristik srazkovych udélosti (viz Kapitola 3.3.2)
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Seznam pouzitych symbolii a zkratek

rt,

rt,

rtsy

rtsm

rtsp

RCM
RCP

RFO

mean ratio / pomér mezi pramérnymi hodnotami v prostorovych a
bodovych charakteristikdch srazkovych udalosti (viz Kapitola 3.3.2))

quantile ratio / pomér mezi kvantily v prostorovych a bodovych
charakteristikdch srazkovych udalosti (viz Kapitola |3.3.2)

histogram change / zména v histogramech charakteristik srazkovych
udalosti (viz Kapitola 3.4])

mean change / zména v prumérnych charakteristikdch srazkovych
udalosti (viz Kapitola |3.4))

quantile change / zména v kvantilech charakteristik srazkovych
udalosti (viz Kapitola 3.4))

Regional Climate Model / regionalni klimaticky model

Representative Concentration Pathways / reprezentativni sméry
vyvoje koncentraci

radiative forcing / radia¢n{ piisobeni [W-m~2]
shape factor / parametr tvaru v korela¢nich modelech

seasonal total due to heavy rainfall events / sezénni srazkovy tihrn
prindseny intenzivnimi srdzkovymi udalostmi [mm)]

Special Report on Emissions Scenarios / specidlni zprava o emisnich
scénarich

event duration / doba trvani udalosti [h]
daily mean temperature / denni prumérné teplota [°C]
Universal Soil Loss Equation / univerzalni rovnice ztraty pudy

Spearman’s rank-order correlation coefficient / Spearmanuv
koeficient poradové korelace

residual standard error / smérodatnd odchylka residui

Kendall’s rank correlation coefficient / Kendalluv koeficient
konkordance
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Abstract The spatial correlation structure of monthly rain-
fall was analysed using data from 38 rain gauges located in
north-eastern Bohemia. Three different inter-station corre-
lation measures—Pearson’s correlation coefficient, Spear-
man’s rank-order correlation coefficient and Kendall’s tau
rank correlation coefficient—were estimated using monthly
rainfall records from a recent 31-year period. Six different
theoretical parametric correlation models were identified
using the nonlinear least squares method. The spatial cor-
relation structure was described using the fitted parameters.
Comparison of estimated correlation models showed that,
as measured by standard error, the best fitted was a two-
parameter exponential model. The relationships between
parameters of the exponential two-parameter model were
further explored and described. The temporal variability of
correlation showed trends in the fitted parameters over the
studied period. On a seasonal basis, the correlation between
the stations was stronger in autumn and winter than in spring
and summer. The spatial variability of estimated parame-
ters revealed that parameters of Matérn and two-parameter
exponential models were dependent on altitude.

1 Introduction
Rainfall spatial correlation structure provides essential

information about the distribution of rainfall fields. It plays
an important role for many applications in various areas.

V. Svoboda () - P. Maca - M. Hanel - P. Pech

Department of Water Resources and Environmental Modeling,
Faculty of Environmental Sciences, Czech University of Life
Sciences Prague, Kamycka 129, Praha 6—Suchdol, 165 21,

Czech Republic

e-mail: vsvoboda@fzp.czu.cz

For example, description of rainfall distribution and its
variability over longer timescales like days or months pro-
vides important insights in climate change research, includ-
ing for monitoring and detecting climate change (New et al.
1999, 2000; Alexander et al. 2006). It is also an essential
part of evaluating climate models (Osborn and Hulme 1997;
Hofstra et al. 2010) and uncertainties in climate change sce-
narios (Kysely and Beranova 2009). Moreover, it is used for
calibrating and merging satellite rainfall data (Feidas 2010;
Williams et al. 2010).

In order to describe rainfall distribution, the estimation
of spatial correlation structure is also studied over finer spa-
tial and temporal resolutions (e.g. spatial scales of 1 km?
and timescales from a few minutes) using various sources
of information, such as data obtained from meteorologi-
cal radar and dense networks of rain-gauges (Brommundt
and Bardossy 2007; Villarini et al. 2008; Tokay and Oztiirk
2012). Knowledge of rainfall spatial correlation structure is
also applied when assessing uncertainties associated with
the estimation of rainfall distribution (Chumchean et al.
2006; Villarini et al. 2008; Mandapaka et al. 2010).

Tabios and Salas (1985) compared several spatial inter-
polation techniques for purposes of estimating spatial rain-
fall distribution, and, together with kriging, those techniques
based on knowledge as to the spatial correlation structure
(optimal interpolation) provided the best estimates of rain-
fall fields. Rainfall spatial correlation structure summarizes
the relationships between the point records, and it is a com-
monly used concept for measuring spatial dependence of
rainfall fields (Sen and Habib 2001; Ciach and Krajewski
2006). It is mostly expressed using a correlogram, which
relates inter-station correlations with inter-site distances.

Estimation of a correlogram is performed in two main
steps. The correlation is first described using an appro-
priate estimator and then the theoretical correlation func-
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tions are identified. The most common correlation estimator
is the Pearson product-moment correlation coefficient (e.g.
Tabios and Salas 1985; Krajewski et al. 2003; Ciach and
Krajewski 2006), which assumes that the data follow a
bivariate normal distribution (Serinaldi 2008). For rainfall
data distributed non-normally, Pearson’s estimator can be
biased and inefficient (Habib et al. 2001; Krajewski et al.
2003). To reduce this bias, Habib et al. (2001) proposed
logarithmic transformation of rainfall data while assum-
ing bivariate mixed log-normal distribution. In addition,
they suggested as possible alternatives such non-parametric
rank measures of correlation dependence as Spearman’s
rank-order correlation coefficient and Kendall’s tau rank
correlation coefficient.

The theoretical spatial correlation function for rain-
fall can be represented by several mathematical models.
For their study, Tabios and Salas (1985) used three sim-
ple one-parameter models—square root, reciprocal and
exponential—to describe the correlation function using
monthly rainfall data from 30 years. The most widely
used theoretical fitted correlation models are two- and
three-parameter exponential models (e.g. Habib et al. 2001;
Krajewski et al. 2003; Ciach and Krajewski 2006; Villarini
et al. 2008; Tokay and Oztiirk 2012). Recently, the Matérn
model (Minasny and McBratney 2005; Clarke et al. 2011;
Kaufman and Shaby 2013) has shown great flexibility for
modelling spatial structure of random fields. The Gaussian
and exponential correlation models are its special cases.
From the conclusions of the aforementioned studies, it can
be generalized that using multiple fitted parameters allows
more flexible adjustment of the shape of the fitted spatial
correlation function.

Krajewski et al. (2003) showed that spatial correlation
functions are highly dependent on climatic regimes and
temporal scale. They studied high-resolution rainfall data
from timescales of 5, 15 and 60 min, and concluded that
a one-parameter exponential model can in many situations
be inadequate. Working with data from Central Oklahoma,
Ciach and Krajewski (2006) presented estimates of spatial
correlation functions in small-scale rainfall for distances
up to 4 km. Using a sample from 2 years of rainfall data,
they estimated spatial correlation using a three-parameter
exponential model and demonstrated dependence of the cor-
relation and the fitted parameters on the finer time scale and
changes of the parameters on the individual rainfall event
and intensity.

While studies dealing with the description of spatial cor-
relation function on daily and monthly temporal basis (at
least in the mesoscale regions) rely mainly on the appli-
cation of exponential type models (Briffa and Jones 1993;
Osborn and Hulme 1997; Sen and Habib 2001; Hofstra and
New 2009), inter-comparison of spatial correlation func-
tions and their interaction with different correlation estima-

@ Springer

tors may provide important insights into rainfall distribution
research.

In this paper, we analyse inter-station correlation of rain-
fall within a mesoscale region in north-eastern Bohemia
(Czech Republic). Spatial dependencies of rainfall were
studied by examining inter-station correlation based upon
31 years of monthly rainfall data from 38 stations. We
used three correlation estimators based on Pearson’s sam-
ple r, Spearman’s p and Kendall’s 7 correlation coefficients
and applied six spatial correlation models. Characteristics
of those correlation estimations and the fitted correlation
models used were studied and interrelationships between
parameters of the multi-parameter models described. Atten-
tion was given to analysing temporal variability of the
estimated parameters in seasons and decades, and to the
dependence of the fitted parameters on elevation using gen-
eral spatial variability of the parameters within the studied
region.

Correlation estimators used for describing the spatial
dependence of rainfall (Section 3.1) and theoretical fitted
spatial correlation models (Section 3.3) are explained. Loca-
tion and description of the study area and information about
the rainfall data set are in Section 2. Description of the cor-
relation structure of the area is contained in Section 4.1.
Results concerning estimation of the spatial correlation
functions are presented (Section 4.2), followed by analyses
of temporal (Section 4.3) and spatial (Section 4.4) vari-
ability of estimated correlation parameters. Discussion and
conclusions are stated in Section 5.

2 Study area and data description

The Hradec Kralové Region, located in the north-eastern
part of Bohemia and with total area of 4,759 km?2, was
selected to study the spatial correlation structure of rain-
fall fields (see Fig. 1a). Geomorphology of the region varies
considerably, as mountains in the north and northeast merge
into the River Elbe lowlands in the south and southwest.
Altitude ranging from 202 to 1,602 m makes the region
interesting for the purpose of the study.

Most of the region belongs to the humid climatic region
of warm temperate zone (Cfb) according to K&ppen’s clas-
sification. Boreal climate (Dfb and Dfc) occurs in foothills
and mountain areas and tundra (ET) at the highest ele-
vations in the north. There is a significant temporal and
spatial variability in precipitation. While precipitation in
winter half of the year from October to March is charac-
terized by lower intensity and longer duration caused by
passing frontal systems and pressure lows, during the sum-
mer period from April to September precipitation is usually
of shorter duration and greater intensity connected with the
upward convective motion of air. Almost two thirds of the
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(b) 1

Fig. 1 Location map of Hradec Krdlové Region (a) and location of
the stations with rain gauges (b)

annual precipitation falls in the summer half of the year.
Precipitation conditions in the region are very unevenly,
average annual precipitation totals are 550-650 mm in the
lowlands whereas up to 1,200-1,600 mm in the mountains
(Tolasz 2007).

Monthly rainfall totals collected for the 31 years from
January 1981 to December 2011 were used for analysing the
spatial correlation structure. Data were acquired from the 38
rain gauges located within the region which are part of the
national climatological network administrated by the Czech
Hydrometeorological Institute (CHMI). The locations of the
stations are shown in Fig. 1b. The inter-gauge distances
range from approximately 2 to 94 km. The rain gauge den-
sity is 1 rain gauge per 125 km?. The rain gauges cover
approximately evenly the entire area.

Aggregated monthly measured rainfall totals were qual-
ity checked and controlled by CHMI. Missing values were
filled, following the procedure explained by Stépanek et al.
(2011), using the inverse distance weighting interpolation

method (IDW). Values were calculated from up to six near-
est stations with an allowed maximum difference in altitude
of 500 m and the power of weight for IDW method was set
to 3.

The distribution of mean annual precipitation totals in the
region is shown in Fig. 2. Most of the stations have average
annual precipitation between 600 and 800 mm. The great-
est precipitation (1,420 mm) was measured at that station
(No. 1: Labskd bouda) having the highest altitude (1,315 m).
The data set shows significant linear dependence of average
annual precipitation on elevation (see Fig. 3). The overall
linear trend for the Czech Republic for the period 1961-
1990 which is indicated in Fig. 3 was provided by the work
of Zikova (2009).

3 Methods

The analysis of the spatial rainfall correlation structure
consists of the following basic steps:

a Description of the correlation structure using the esti-
mation of Pearson’s product-moment, Spearman’s rank-
order and Kendall’s tau rank correlation coefficients
(see Section 3.1).

b Assessment of isotropy in the correlation structure (see
Section 3.2).

¢ Application of six theoretical models for description of
the correlation structure given by the three metrics from
the first step (see Section 3.3).

d Analysis of the temporal variability of estimated param-
eters over the whole studied period and on a seasonal
basis. The assessment of the effect of temporal reso-
lution on the fitted parameters, and the analysis of the
spatial variability over the region and the influence of
elevation on the parameters (see Section 3.4).
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Fig. 2 Histogram of mean annual precipitation by number of stations

@ Springer



362

V. Svoboda et al.

g | D
3
27 .
e §_ 16, ® 5
E & 10 15 -7
c ° ° _-
S e
= 3% _-
5 2 14gg.~" prtas
o e
o By .o 1Cq -
S 3 | LI e
g @ .. ."9‘ 4. ///
< e Lo
. L d
9. e . . .
o se® & -eeeee- Hradec Kralové Region
3 _‘/ 6‘& - ——-Czech Republic
I I I I T I
200 400 600 800 1000 1200

Elevation [m]

Fig. 3 Relationship between annual precipitation and elevation in the
studied area during 1981-2011 and in the Czech Republic generally
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3.1 Estimation of the inter-station correlation

Pearson’s product-moment correlation coefficient is a
widely used estimator for describing the spatial dependence
of rainfall processes (e.g. Habib et al. 2001; Krajewski et al.
2003; Ciach and Krajewski 2006; Villarini et al. 2008). It
indicates and measures the strength of the linear depen-
dence between two variables. The correlation coefficient
can be defined as the covariance of the two variables (X, Y)
divided by the product of their standard deviations:

cov(X,Y)
oOx0Oy )

rX,Y)= (1)

While Pearson’s sample correlation r is commonly used
as an estimator of the correlation of a general population,
for data not normally distributed Pearson’s estimator can
be inefficient (Habib et al. 2001; Krajewski et al. 2003).
Habib et al. (2001) suggested the possibility of using non-
parametric rank measures of dependence, such as Spear-
man’s p and Kendall’s 7, as possible alternatives to avoid
the bias of Pearson’s correlation coefficient.

Spearman’s rank-order correlation coefficient p also as
the Kendall’s t rank correlation coefficient are measures of
how well are the two variables monotonically related in the
case that their interrelationship is not linear. Spearman’s p
is based on Pearson’s product-moment correlation in which
variables (X, Y) are transformed into ranks (x;, y;). A
monotonic relationship is an important underlying assump-
tion for the Spearman’s p correlation. The assumption of
a monotonic relationship is less restrictive than is that of
a linear relationship which must be met by Pearson’s r
correlation.

Kendall’s t is an alternative measure based on a link
among variables known as concordance, which is a mea-
sure of the similarity of the orderings of the data when
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ranked by each of the quantities. If we consider two obser-
vations (x;, y;), (x;, y;) from a vector of n observed rainfall
values (X, Y), then the pairs (x;, y;) and (x;, y;) are said
to be concordant if (x;x;)(y;y;) > 0 and discordant if
(x;x;)(yiyj) < 0. Kendall’s 7, then, is defined as the dif-
ference between the probability of concordance and the
probability of discordance,

cp —dy

X, Y)=-—2+"
vX, 1) gn(n —1)

2
where ¢, is the number of concordant pairs and d,, number
of discordant pairs.

Spearman’s rank-order correlation coefficient p and
Kendall’s t rank correlation coefficient are two closely
related and the most commonly used non-parametric mea-
sures of association for two random variables. Fredricks
and Nelsen (2007) stated that the value of the Spearman’s
p correlation coefficient is about 50 % larger than the
value of the Kendall’s t coefficient for the same data sam-
ple. Because these measures are invariant under monotone
transformations, when we apply them to coherent sys-
tems or to order statistics, they are free from distributional
assumptions (Navarro and Balakrishnan 2010). In terms of
dependence properties Spearman’s p is a measure of aver-
age quadrant dependence, while Kendall’s 7 is a measure of
average likelihood ratio dependence (Nelsen 1992).

For computation of correlation coefficients, we used
The R Project for Statistical Computing (R Core Team
2013), specifically cor () function (Becker et al. 1988), and
compute the correlation coefficients between every pair of
stations according to three metrics described above.

3.2 Isotropy in the correlation structure

Application of correlation models assumes isotropy in
correlation—correlation decreased with increasing distance
independently of the direction (e.g. Jones et al. 1997). To
determine anisotropy in correlation is used 2-D spatial cor-
relation maps (e.g. Sharon 1978, 1979; Velasco-Forero et
al. 2009; Mandapaka and Qin 2013). 2-D spatial correlation
map describes a spatial pattern of correlation coefficients
which are not dependent on specific points but only on their
mutual vectorial differences, thus correlation coefficients
become a function only of the distances and directions
between the stations. As we take distance and direction of
every station versus all the others, the correlation map is
symmetric around the zero origin.

To create 2-D spatial correlation maps, we used Ordinary
kriging (OK) as widely used method for estimate rainfall
fields (described e.g. in Velasco-Forero et al. 2009). The
procedure consists of the following steps. After creating an
interpolation grid in 1 km resolution covering the study area,
we used R library gstat (Pebesma 2004) to calculate the
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sample variogram for the three correlation estimators and fit
variogram model coefficients to sample variogram. This fit-
ted variogram is used to compute the weights used in OK,
the result is 2-D spatial correlation map in a 1 km grid from
which we can assess the isotropy in the correlation structure.

3.3 Theoretical spatial correlation functions

After describing the correlation structure using the esti-
mators explained above, selected theoretical models of
spatial correlation are identified using gradient-based non-
linear least squares optimization. We applied nls() function
with algorithm ”port” in R, where nonlinear least squares
method is used iteratively to the inter-station correlation
coefficients data set to minimizes nonlinear sum of squares
using analytic jacobian (for technical information related to
nls() and ”port” please see Ritz and Streibig (2008) and
Dennis et al. (1981)). Successful fitting depends on setting
starting values of parameters that are reasonably close to
the solution and constraints on the parameters in required
bounds (Fox and Weisberg 2010).

The spatial correlation models are shown in Table 1.
Square root, reciprocal and exponential one-parameter (1P)
models are models with the single parameter cp, termed
the correlation distance. The Matérn and exponential two-
parameter (2P) and three-parameter (3P) models have a
second parameter, so, the shape factor, and the exponential
3P model has a third parameter, c;, the nugget parameter.
In all equations, d is the distance between two rain gauges.
In the Matérn model equation (Handcock and Wallis 1994),
I" is the gamma function and Ky, is modified Bessel func-
tion of the second kind of order sy (Abramowitz and Stegun
1972). Figure 4 provides a description of Ky, and shows
Ky, <\/2_so f—o) functions for our fitted monthly rainfall data.

The correlation distance parameter cg, also denoted as
range or decorrelation scale, characterizes the decay of cor-
relation. For the exponential models, parameter cq is defined
as the distance at which the fitted correlation curve decays
below 1/e and is called the correlation decay distance
(CDD) (Hofstra and New 2009). Based on the approach of

1
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Fig. 4 Bessel functions of the second kind of order s for the Matérn
model fitted to the three estimated correlations, where x is 2S0%,
with functions shown for the distances d € [0, 100] kilometer

Dai et al. (1997), New et al. (2000) defined CDD as the dis-
tance at which zonally averaged inter-station correlation is
no longer significant at the 0.05 level (=0.368 for monthly
records encompassing 30 years). Many studies have inves-
tigated CDD’s dependence on latitude and season periods
for temperature and rainfall (e.g. Briffa and Jones 1993;
Jones et al. 1997; Osborn and Hulme 1997; New et al. 2000;
Alexander et al. 2006; Hofstra and New 2009; Mandapaka
and Qin 2013). New et al. (2000) found similar CDDs for
exponential 1P model as Dai et al. (1997) did for latitudes
corresponding to those of Central Europe from monthly
precipitation totals. Their CDD values are 400-500 km,
depending on the season. A large CDD indicates that more
distant stations still retain significant correlation (Briffa and
Jones 1993; Osborn and Hulme 1997).

The shape factor sg significantly controls the model
behaviour in small separation distances (Habib et al. 2001;
Ciach and Krajewski 2006). Values less than one indi-
cate rapid decrease of correlation function than the expo-
nential function before the correlation distance cp and
more slowly decrease at greater distances (Marchand 2012;
Mandapaka and Qin 2013). Ciach and Krajewski (2006)

Table 1 Spatial correlation

models with parameters, Model Fitting function Parameters
correlation distance cp, shape !
50, nugget ¢ Square root r(d) = vi co
1455
Reciprocal r(d) = I+1 7 co
%
Exponential 1P r(d) = exp ( — %) co
Exponential 2P r(d) = exp [ - (%)S”] €0, 50
Exponential 3P r(d) = cy exp [ — (%)KU] €0, S0, C1
_ S0
Matérn r(d) = m («/2s0 1%) Ky, («/25‘0‘%) c0, SO
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reported that the shape of the correlogram is affected at short
time scales while the correlation distance parameter varies
more at longer time scales. The value of the shape parameter
also determines the interdependence between exponential
and Matérn models. If exponential 2P or 3P models have
so = 1, then both models correspond to the exponential 1P
model; the same applies to the Matérn model for the case of
so = 0.5 (Minasny and McBratney 2005).

The nugget parameter ¢ provides information about the
variability of rainfall at very small, near-zero distances and
it is also useful in analysing measurement errors. The closer
is c¢1 to 1 the smaller are the variability and measurement
errors (Villarini et al. 2008).

In order to be used as a valid correlation models for
simulating spatially correlated random fields and to pre-
serve mathematical stability during the fitting process, we
imposed the following constraints on the parameters: cg >
0,50 € [0,2] and c1 € [0, 1].

The precision of the fitted models is evaluated using
residual standard error,

o= /SSE, 3)
n—p

where SSE is the sum of squared residuals, 7 is the number
of original values, p is the number of fitted parameters and
n — p denotes degrees of freedom.

3.4 Analysis of temporal and spatial variability of rainfall
correlation from the perspective of fitted parameters

In order to describe the temporal variability of fitted cor-
relation parameters, the long-term temporal variability, sea-
sonality and influence of temporal aggregation on fitted
correlation parameters were further explored.

To analyse temporal variability of the fitted parameters
during the studied period, we used a 10-year moving win-
dow, estimated correlation and fitted the correlation models
for each of the 10-year shifts starting from the year 1981 to
1990 and ending in the time window from 2002 to 2011.

For analysing seasonal variability, data for all 31 years
were subdivided by months into climatological seasons
(MAM, JJA, SON and DJF) and seasonal correlations were
computed. The effect of aggregation on the correlation was
analysed using the time resolutions of 3, 6, 9 and 12 months.
We explored the seasonality and effect of time resolution
using the exponential 2P model.

In order to describe the spatial variability of the fitted cor-
relation parameters, the dependence of fitted parameters on
elevation and the distribution of parameters over the studied
domain were further analysed.

For visual representation of the spatial variability of fit-
ted parameters for the selected models, the region was
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divided into Voronoi cells (e.g. Aurenhammer 1991). Thus,
the region was divided into 38 subregions approximately
centred on each of the stations so that every point in each
subregion is closer to its central station than to any other sta-
tion. Each subregion is characterized by its central station,
to which have been fitted correlations for all stations with
their distances from the given station.

4 Results

Results are summarized into the following sections:

a Description of the correlation structure over the studied
region for three correlation metrics with assessment of
isotropy (see Section 4.1).

b Fitting the theoretical spatial correlation models, assess-
ment of the errors and analysis of the estimated param-
eters (see Section 4.2).

¢ Temporal variability of the fitted parameters (see
Section 4.3).

d Spatial variability of the fitted parameters (see
Section 4.4).

4.1 Description of the correlation structure and assessment
of isotropy

As correlation decreases as a function of distance, we look
at the influence of elevation to the inter-station correlation
coefficients. Figure 5 shows example of Pearson’s r (other
estimators show the same trend), where are plotted inter-
station correlation coefficients only between the stations
located at specific altitudes. It is evident that in low altitudes
under 300 m is correlation stronger, at high altitudes over
500 m are noticeable two separate mountain areas. As we
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Fig. 5 Pearson’s r between the station pairs located only at specific
altitudes under 300 m, in [301, 500] m and over 500 m
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had limited amount of stations in thus separate altitudes, we
fit and analysed the whole data set.

Inter-station correlation coefficients estimated by
Pearson’s r, Spearman’s p and Kendall’s t are shown in
correlograms in Fig. 6. Values of Spearman’s correlation
coefficients were more similar to Pearson’s (Spearman’s
coefficients were higher by 1 % on average) than those of
Kendall’s (Kendall’s coefficients were lower by 22 % on
average).

To asses the isotropy in the correlation, we applied OK
and create 2-D spatial correlation maps (Fig. 7). Fitted vari-
ograms for three correlation estimators used to compute the
weights for OK are shown in Fig. 8. We tested various var-
iogram models and the best variogram fit provides Matérn
model with the shape factor so — oo, which is equiva-
lent of the Gaussian model (Minasny and McBratney 2005).
Thus, the corresponding semivariance function can be
described as:

y(d)=c1+c2[1 —exp(—i—j)], )

0

where cg is range, c; nugget effect and ¢, partial sill (sill
variance is ¢ + ¢7).

Figure 7 shows ordinary kriging predictions in interpo-
lation grid as 2-D spatial correlation maps (Fig. 7a) with
corresponding kriging variances (Fig. 7b). Distances are
limited up to 40 km, at longer inter-station distances are
available correlations too sparse and the edge effect affects
results, which is especially apparent in the W-E direction.
Although all three models show slight anisotropy in SW-NE
direction (the most significant for Pearson’s r), we consider
spatial structure to be isotropic. Prediction error variances
(Fig. 7b) increase with increasing distance but still they
stay at very low level (around 0.003) for all correlation
estimators.

4.2 Fitting the spatial correlation functions

The results of final fitted parameters for spatial cor-
relation functions from all pairs of stations using a
data series with 31 years of monthly rainfall includ-
ing standard errors for all parameters are in Table 2.
Figure 6 compares fitted correlation functions as plot-
ted against inter-station distances to show dependence for
d € [0, 100] km.

We construct an error curves for each fitting model using
the bootstrap procedure. Process consists of performing the
500 simulations on sampled data. Each data sample, con-
sists of 31 years, is generated by year (to eliminate the
influence of seasonal variability of correlation) by com-
bination with repetitions. From these 500 simulations are
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Fig. 6 Relationships between Pearson’s r (a), Spearman’s p (b),
Kendall’s T (¢) and distances, with models fitted on data

computed 0.1, 0.5 and 0.9 quantiles of correlation coeffi-
cients in distances up to 100 km, which represented error
curves in Fig. 9.

Differences between 0.1 and 0.9 quantile of correlation
coefficients for fitted models depending on the distance are
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shown in Fig. 10. The narrowest range at larger separation
distances (approximately from 30 km) compared to other
estimators have Kendall’s 7.
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Fig. 8 Sample variograms and fitted Gaussian models for Pearson’s
r, Spearman’s p and Kendall’s v with appropriate model coefficients
used to compute the weights for Ordinary kriging to generate 2-D
spatial correlation maps
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Statistical information for the fitted models is checked
by the nls() function. The residual standard error was low-
est for models having more parameters (exponential 2P,
3P and Matérn) while the exponential 1P model had the
highest residual standard error. All parameters’ values were
statistically significant at level p < 0.001.

In comparing one-parameter models, the exponential
model was seen to be closer to a linear trend than the recip-
rocal and square root models. This corresponds to the higher
correlation coefficient at smaller separation distances and
lower correlation at longer distances for the exponential
model than for the others. The turning point is given by
the intersection of the fitting curves. One-parameter models
have this area where all fitting curves intersect in a nar-
row range (52.0-56.2 km for Pearson’s, 52.7-56.7 km for
Spearman’s and 46.9-53.3 km for Kendall’s correlation).
This behaviour is characterized by the correlation distance
parameter co, which increased from a low value in the case
of the square root fitting model (56.62 km for Pearson’s,
60.25 for Spearman’s and 20.13 for Kendall’s correlation)
to the largest value for the exponential model (161.5 km
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Table 2 Fitted parameters of spatial correlation models, with bold font showing the best model as indicated by the lowest value of o

Correlation estimator Fitting model co std. dev 50 std. dev cl std. dev o
Pearson’s r square root 56.620 (0.6559) - - - - 0.06648
reciprocal 135.04 (1.4380) - - - - 0.06960
exponential 1P 161.50 (1.5910) - - - - 0.07413
exponential 2P 481.16 (40.402) 0.5238 (0.0181) - - 0.06289
exponential 3P 481.16 (43.120) 0.5238 (0.0283) 1 (0.0099) 0.06291
Matérn 783.95 (72.290) 0.2310 (0.0084) - - 0.06299
Spearman’s p square root 60.253 (0.6677) - - - - 0.06226
reciprocal 142.75 (1.4690) - - - - 0.06551
exponential 1P 169.51 (1.6300) - - - - 0.07000
exponential 2P 604.89 (54.749) 0.4951 (0.0168) - - 0.05733
exponential 3P 604.89 (58.680) 0.4951 (0.0258) 1 (0.0090) 0.05735
Matérn 982.90 (96.660) 0.2190 (0.0078) - - 0.05740
Kendall’s t square root 20.313 (0.2205) - - - - 0.07449
reciprocal 57.225 (0.5866) - - - - 0.08747
exponential 1P 80.928 (0.7871) - - - - 0.10650
exponential 2P 260.53 (15.050) 0.3345 (0.0093) - - 0.05909
exponential 3P 260.53 (15.650) 0.3345 (0.0120) 1 (0.0095) 0.05911
Matérn 786.93 (70.930) 0.1294 (0.0040) - - 0.05917

for Pearson’s, 169.5 for Spearman’s and 80.93 for Kendall’s
correlation).

All fitted multi-parameter models had very similar
shapes for distances up to the 100 km. During the
parametrization of the exponential 3P models, we excluded
correlation values of data series with itself (values at
zero distances). The estimated value of the nugget param-
eter was still practically ¢; = 1, which is con-
sistent with the report of Villarini et al. (2008) that

nugget parameter asymptotically increases with larger
integration times—in their study increasing to 0.96 for
just the 5-min scale. For our complex monthly rain-
fall data series, without near-zero inter-station distances,
the exponential 2P and 3P models were practically
identical.

The lower value of the shape factor so caused steeper
decrease of correlation at small separation distances (lowest
value of parameter s is 0.335 for the exponential 2P model

Square_root_m.
— — - Reciprocal_m.
----- Exponential_1P

- — - - Exponential_2P

Correlation coefficient [-]

— — Matérn_m.

I I | I T | X I 0 I I I I
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Distance [km]

Fig. 9 Error curves for models fitted on Pearson’s r (left), Spearman’s p (middle) and Kendall’s T (right), lines represent 0.5 quantile and stripes
range between 0.1 and 0.9 quantile of correlation coefficients
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0.06 =
—— Square_root_m.
0.04 — - — - Reciprocal_m.

----- Exponential_1P
0.02 = - —- - Exponential_2P

— — Matérn_m.

0.00

90% and 10% interquantile range [-]

100 0 25 50 75
Distance [km]

100 0 25 50 75 100

Fig. 10 Range of Pearson’s r (left), Spearman’s p (middle) and Kendall’s t (right) between error curves of fitted models represented by

differences between the 0.1 and 0.9 quantile

and it is 0.129 for the Matérn model fitted to Kendall’s
correlation). Small separation distances can be indicated
as the distances smaller than these where fitting curves
of multi-parameter models intersect with fitting curves
of one-parameter models (the area where the exponential
2P and Matérn models intersected with the other one-
parameter models is given by distances 42.2-48.3 km for
Pearson’s, 43.0—48.5 km for Spearman’s and 37.6—45.6 km
for Kendall’s correlations, see Fig. 6).

The CDD values (see Fig. 11 for example of Pearson’s
r fitted correlation) of exponential models are given by the
correlation distance parameter cg. For the exponential 1P
model CDD equalled 161.50 km and for the exponential 2P
model it was 481.16 km. Values of reciprocal (232.04 km),
square root (361.75 km) and Matérn (381.44 km) models are
shown for comparison (please note that CDD for other than
exponential model is not equal to the co parameter). There

o |
< —— Square root model
_____ Reciprocal model
HE Exponential 1P model
o] M. e Exponential 2P model
———— Matérn model
©
©
) S
e
— o ——
N e
A
T
=
T I : I I |
0 100 200 300 0 -
Distance [km]

Fig. 11 Comparison of CDD values for exponential models fitted on
Pearson’s r; CDD is given as the point where the fitting curve has
correlation of 1/e (displayed as solid line), with other models plotted
for comparison
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is an evident difference between the Matérn and exponen-
tial 2P models for separation distances larger than 100 km,
as correlation fitted by the Matérn model decays faster. Fit-
ted models for other correlation estimators showed the same
order of CDD values (i.e. the lowest value of CDD was
found for the exponential 1P model and highest for the expo-
nential 2P model), as the highest values were in the case of
Spearman’s fitted correlation and the lowest for Kendall’s
correlation.

From Fig. 11, it is evident that CDD values are much
higher than inter-station distances in the study, thus we can
presumed that limited inter-station distances affecting the
CDD values. The CDD value would be higher for exponen-
tial 1P model with involved correlation coefficients in larger
separation distances, as one can see in study from Hofstra
et al. (2010), but for the exponential 2P model we could
expect a decrease of CDD.

The relationship between fitted parameters was exam-
ined on the exponential 2P and Matérn models. For each
of 38 stations, we estimated the correlation functions with
the distances to the other stations using the exponential 2P
function, and thus for the each station we obtained a pair
of parameters. The relationship between parameters was
examined (see Fig. 12). In terms of the variance of param-
eters’ values between stations, the correlation distance c
had a relatively wide range with a standard deviation of
1,149 for Pearson’s r, 1,107 for Spearman’s p and 170 for
Kendall’s 7, where two cp parameters (from Pearson’s cor-
relation station no. 15 and from Kendall’s correlation station
no. 22, for station position [see Fig. 1b]) had very high val-
ues (19,602 and 1,251, respectively) compared to the others.
These outlier stations have been excluded from parameter
analysis.

The shape factor sp took on similar values for Pearson’s
and Spearman’s correlations while for Kendall’s correla-
tion it had significantly lower values. Having the narrowest
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range were parameters for the fitted Kendall’s t correla-
tion, at ¢g € [110, 711] kilometer with median 290 km and
so € [0.1695,0.6921] with median 0.337. From the inter-
dependence among the parameters of the exponential 2P
function, a significant interrelationship is visible between
the correlation distance ¢y and the shape factor sg, wherein
a higher value of ¢y implies a lower value of s¢. This fit-
ted dependence is plotted as a dashed line in Fig. 12a. This
relationship between cg and sg is described by the expo-
nential function, where new parameters are renamed for
convenience as

so(co) = nyexp [ — (co)™], )
where ng and n| are new parameters. Their fitted values are
shown in Table 3. Outlier values have greater influence on
the nugget parameter 1 than on the shape parameter ng (e.g.

Table 3 Fitted parameters for the correlation distance and shape factor
relationship for the exponential 2P model

Correlation estimator no ni

Pearson’s r 0.154 7.621
Spearman’s p 0.160 8.785
Kendall’s T 0.191 6.485

So exponential 2P m.

So exponential 2P m.

for Pearson’s correlation with outlier station involved is n1
lower by 0.22 while ng by 0.002).

Inter-comparisons of parameter values computed by the
Matérn and exponential 2P models are shown in Figs. 12b
and c. There is a strong linear relationship between the two
models. Correlation distance parameters cp for both models
were correlated with correlation coefficients r = 0.98 for
fitting Pearson’s estimator, r = 0.97 for the Spearman’s p
and r = 0.71 for the Kendall’s r. With involved aforesaid
outliers was the relationship much weaker for the Pearson’s
1, but slightly stronger for the Kendall’s t. If we excluded
these stations from the Spearman’s p, relationship stays
almost the same. The linear relationship between the shape
factors is even more evident, there is influence of outliers
insignificant.

One-parameter models also had very strong linear rela-
tionships of the fitted parameters amongst themselves (r >
0.9), with the highest correlation values being between
the square root and reciprocal models (r > 0.96 for all
fitted estimators). Between the cp parameter of the one-
parameter models and exponential 2P model, there existed
a weak monotonic relationship only for the fitted Pear-
son’s r (correlation coefficient p ~ 0.3). No relevant
correlation dependence was observed between the cg from
one-parameter models and the sop from multi-parameter
models.
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(a) Square root model

(b) Reciprocal model

(c) Exponential 1P model
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Fig. 13 Changes of fitted parameters of square root (a), reciprocal (b), exponential 1P (c), exponential 2P (d) and Matérn (e) models for Pearson’s
r (solid lines), Spearman’s p (dashed lines) and Kendall’s t (dot-dash lines) correlations during moving decades from 1981-1990 to 2002-2011

4.3 The temporal variability of fitted correlation parameters

A 10-year moving time window (Fig. 13) shows changes
in the five fitted correlation models’ parameters during
decades from 1981-1990 to 2002-2011, and thus each line
represents 21 values.

All one-parameter models had more similar temporal
distribution of the ¢y parameter, differing only in the param-
eter’s absolute value, when maximal values were found in
the decades from 1991-2000 to 1997-2006. Values of the ¢
parameter are apparently connected with the amount of rain-
fall totals, because the highest totals were measured in the
decades from 1992-2001 to 1995-2004 and lowest totals in
the decades from 1982—1991 to 1984-1993. The linear gra-
dient of the cg value increased in all cases for one-parameter
models. The greatest increase by 10-year period was for the
co parameter in the Pearson’s correlation fitted by the expo-
nential 1P model (increase by 13.4 per decade), and the
lowest was for the Kendall’s correlation fitted by square root
model (increase by 0.5 per decade). Overall increases of the
co parameter over the 31 years in percentage terms were for
the Pearson’s correlation from 29 to 38 %, for the Spear-
man’s 8.7 to 9.9 % and for the Kendall’s 5.9 to 7.1 %, where
the lower bound was in all cases given by the exponential
1P model and the upper bound by the square root model.

For the studied period, those models with more param-
eters showed higher variability of the correlation distance
co, whereas the shape factor so remained relatively stable.
The maximal values of ¢y and minimal values of so were
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again in the decades from 1991-2000 to 1997-2006. The
linear gradient of the ¢y value increased more rapidly; the
highest increase by 10-year period was for the ¢y parame-
ter in the Spearman’s correlation, which increased by 260
per decade if fitted by the exponential 2P model and 448 for
the Matérn model. Overall increase in percentage terms was
again highest for the Pearson’s correlation (by 206 % for
the exponential 2P model and 214 % for the Matérn model).
The linear gradient of the so value decreased in all cases.
The decrease was slighter for the Matérn model, but the per-
centage changes across the full research period were very
similar for all correlations (decreasing by 32 to 34 %).
From the inter-year variability of correlation in climato-
logical seasons, it is clearly evident that there exists stronger
correlation of rainfall between the stations in autumn and
winter than in spring and summer for all fitted correlations.
This is expected since the precipitation is mostly frontal
in winter and convective in summer. Figures 14a, c and e
shows example of fitted correlations in summer and autumn
by square root, exponential 1P and exponential 2P mod-
els. Comparison of the exponential 2P fitted correlations (in
order of Pearson’s, Spearman’s and Kendall’s correlations)
shows in summer lower correlation coefficients on average
(by 2.2, 4.1 and 5.7 %) against spring, while these are sig-
nificantly higher in autumn (by 14.4, 14.5 and 18.1 %) and
winter (by 10.7, 11.5 and 15.2 %) than in spring. Values of
the fitted parameters computed by exponential 2P model are
shown in Figs. 14b, d and f. Noteworthy is that the values of
the correlation distance cp were much higher in autumn and
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Fig. 14 Seasonal differences between summer and autumn in fitted
Pearson’s r (a), Spearman’s p (c¢) and Kendall’s 7 (e) correlation coef-
ficients, fitted by square root (solid line), exponential 1P (dotted line)

winter for all correlation measures. Also, the shape factor sq
decreased significantly in winter.

Effect of temporal resolution, as analysed by aggrega-
tion of the rainfall data (See Fig. 15), led to decrease of the
correlation distance cg for the exponential 2P model, and
especially for Spearman’s p (range of the values cq for 3 to

(a)

R ©_
o 1 o
g < ]
o 7 o o
o O %] T
S ‘ '§
“‘_ o
o
R T T T T = T T T T
1 3 6 9 12 1 3 6 9 12
o (b) ©
811 =N o
] < ]
o
§ - F o]
] |—‘ o
o
e T T T 1 =l T T 1
1 3 6 9 12 1 3 6 9 12
(0) < _
S— o —
8_ -
N
B o o e |
o
7T T T T 1 = T T T 1
3 6 9 12 1 3 6 9 12

Aggregation [months] Aggregation [months]

Fig. 15 Effect of temporal resolution (1, 3, 6, 9 and 12 months)
on values of the parameters for the exponential 2P model, fitted to
the estimated Pearson’s r (a), Spearman’s p (b) and Kendall’s 7 (c)
correlations

Season Season

and exponential 2P model (dot-dash line) and values of fitted param-
eters co and so for r (b), p (d) and 7 (f) fitted by exponential 2P
model

12 months aggregation times was 275.4-307.0 versus 604.9
for monthly data) and Kendall’s 7 correlation (with range
of 125.4-139.3 vs. 260.5). With aggregation, Pearson’s r
correlation had a wider ranging co with lower decrease
against monthly data (253.8-446.6 vs. 481.2). There was
no distinct dependence of the ¢y value on the amount of
aggregation time between 3 and 12 months. The shape
factor so appeared to be almost independent of the aggre-
gation, which was the case for all correlation estimators
(values of so from the aggregated data oscillated around
the original so value from monthly data with a maximum
deviation of 0.05).

4.4 The spatial variability of fitted correlation parameters

Relationships between the parameters and elevation for all
models are plotted in Fig. 16. The estimates using Pear-
son’s r correlation were fitted. While one-parameter models
had fitted values of the correlation distance ¢ in a narrow
range even in higher altitudes above 1,000 m, the expo-
nential 2P model had an enormous maximal value and the
Matérn model had two maximal values of the cg at altitudes
above 1,000 m. Elevation had the most significant influ-
ence on the shape factor sg, which had its lowest values
at the highest altitudes and vice versa. Thus, correlation in
the small separation distances decays faster at higher alti-
tudes, which could reflect the effect of orography on rainfall
processes. The parameters for the other fitted correlation
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Fig. 16 Relationships between fitted parameters and elevation of
square root (a), reciprocal (b), exponential 1P (c), exponential 2P (d)
and Matérn (e) models, fitted on Pearson’s r correlation for 38 stations

estimators showed similar patterns, with differences only in
the parameters’ values.

Two models were chosen to illustrate graphically the
variability of the fitted parameters (Fig. 17). The one-
parameter square root model due to the fact that, in com-
parison to the other one-parameter models, the latter had
the lowest residual standard error and also the lowest val-
ues for the correlation distance ¢y and the exponential 3P
model, where is clearly visible the interrelationship between
the fitted parameters and also the model fitted on stations
individually shows decrease of the nugget parameter ¢ for
some stations (compared to the exponential 3P model fitted
on whole data set with ¢ equal to 1).

Some outliers have been excluded in order to provide
the best visibility, wherein the highest parameter values
are darkest and lowest values are lightest. Figure 17 illus-
trates several of the described findings. There are noticeable
relationships between the correlation distance ¢y and shape
factor sg in the exponential 2P and 3P models, whereby the
subregions in the southern part with the lowest values cg
have the highest so values and those subregions with very
high c¢ value have low s¢ value. The elevation influence on
the shape factor s¢ is also visible, as the highest sy values
are occurring in the lowlands of the southern subregions. In
those subregions with higher values of sg, there is visible a
slight decrease of the nugget parameter c¢; below the value
of 1. The highest sensitivity to the nugget parameter shows
Kendall’s t correlation.
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5 Discussion and conclusions

The study presents long-term correlation characteristics of
rainfall in a mesoscale region in the north-eastern part of
Bohemia, Czech Republic. Analysed was inter-station cor-
relation within distances up to 100 km using 31 years of
monthly rainfall data from 38 stations which are part of the
climatological network administrated by CHMI.

Three correlation estimators were applied (Pearson’s
product-moment sample correlation coefficient, the non-
parametric Spearman’s rank-order and Kendall’s 7 rank
correlation coefficients) and identified by several models
controlled by one (square root, reciprocal and exponential
model), two (Matérn and exponential 2P model) or three
(exponential 3P model) parameters.

Comparison of spatial correlation estimators from all
inter-stations correlations showed Spearman’s correlation
coefficient values to be almost identical with those of
Pearson’s correlation (Spearman’s correlation values were
higher by 1 % on average) while Kendall’s correlation gave
significantly lower values (by 22 % on average) than did
Pearson’s correlation.

While from the one-parameter fitted models, the most
accurate fit was provided by the square root model, all one-
parameter models seemed nevertheless quite inefficient, and
especially so in cases where there was more significant
decrease of correlation over small distances, as was the case
when using Kendall’s correlation. The key parameter was
the shape factor sg, which, in combination with the correla-
tion distance parameter cg, provided better results (steeper
decrease at shorter distances and flatter degression at longer
distances).

The nugget parameter ¢; for our monthly data with-
out near-zero inter-station distances could be taken as 1,
and thus there was, as expected, practically no difference
between the exponential 2P and 3P models (nevertheless,
we applied it on fitting correlations for individual station
vs. other stations and some stations correlated with oth-
ers with determined nugget parameter bellow the value
of 1). The differences between the exponential 2P and
Matérn models were significant at separation distances
greater than 100 km, and thus, while considering also the
complexity of calculation, the most appropriate option for
fitting the spatial correlation within distances up to 100
km was proven to be the exponential 2P model. In gen-
eral, Spearman’s correlation function provided the lowest
values of the residual standard error during the fitting
procedure. When fitting by multi-parameter models, Pear-
son’s correlation function gave rise to the largest standard
error.

The correlation of rainfall with the distances to
the other stations was computed and fitted for all
38 stations. The significant exponential relationship
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Fig. 17 Voronoi tessellation model of the region according to stations (dots) filled with colour gradient set by the fitted parameters of Pearson’s
r (a), Spearman’s p (b) and Kendall’s t (c) inter-station correlation, fitted by the square root and the exponential 3P models

between the correlation distance cp and shape factor
so was observed from the dependencies between fitted
parameters. A higher value of cp implied a lower value
of sp, which was similar for all three spatial cor-
relation estimators and occurred for both exponen-
tial and Matérn models. Inter-comparison of fitted
parameters by the Matérn and exponential 2P mod-
els showed a strong linear relationship between the
models.

The overall temporal variability of the correlation coef-
ficients through 31 years demonstrated increase of the
correlation distance parameter cg, where the linear gradient
showed much greater increase for estimations of the multi-
parameter models. There were higher amplitudes in the
values of the ¢ through the decades in the multi-parameter
models, while the shape factor s¢ stayed more stable. Ampli-
tudes and increase of the distance parameter c( through the
decades are in relationship with rainfall totals, where high-
est values of the ¢y are in the decades with the highest
rainfall totals and rainfall totals are, in general, increasing
through 31 years.

Higher correlation in autumn and winter was evident
from the seasonal variability of the fitted correlations of

rainfall. This behaviour was related to the values of the
correlation distance cp, which values were much higher in
autumn and winter than in spring and summer (by approx-
imately three to four times depending on the correlation
model and season).

Effect of the coarse time resolution, expressed by the
simple data aggregation into periods of 3, 6, 9 or 12 months,
caused decrease of the correlation distance cq (slightly
more significantly so for Spearman’s and Kendall’s corre-
lations) while showing no distinct differences between the
various lengths of aggregation period. The effect of the
longer time resolution on the shape factor s¢ appeared to be
insignificant.

The spatial variability of the 38 inter-stations’ correla-
tion of rainfall was affected by the elevation of the stations.
Mean precipitation increased with higher elevation. The
influence on the fitted parameters was reflected in the
shape factor sop, whereby at higher altitudes these values
were lower and vice versa. This indicated that the corre-
lation in the small separation distances decayed faster at
higher altitudes. The highest values of the shape factor
so occurred in the south and southwest subregions (i.e. in
the lowlands).
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Abstract. Characteristics of rainfall events in an ensemble of 23 regional climate model (RCM) simulations are evaluated
against observed data in the Czech Republic for the period 1981-2000. Individual rainfall events are identified using the
concept of minimum inter-event time (MIT) and only heavy events during the warm season (May—September) are considered.
Inasmuch as an RCM grid box represents a spatial average rather than a point measurement, the effects from areal averaging
of rainfall data on characteristics of events are investigated using the observed data. Rainfall events from the RCM simulations
are then compared to those from the at-site and area-average observations. Simulated number of heavy events and seasonal
total precipitation due to heavy events are on average represented relatively well despite the higher spatial variation compared
to observations. RCM-simulated event depths are comparable to the area-average observations, while event durations are
overestimated and other characteristics related to rainfall intensity are significantly underestimated. Most of the rainfall event
characteristics in the majority of the RCM simulations show a similar altitude-dependence pattern as in the observed data.
The number of heavy events and seasonal total precipitation due to heavy events increase with altitude, and this dependence is

captured better by the RCM simulations with higher spatial resolution.

1 Introduction

Not only are such characteristics of heavy rainfall events as event depth, duration, or intensity relevant for urban hydrology (e.g.
Einfalt et al., 1998; Barbosa et al., 2012; Willems et al., 2012) or soil erosion assessment studies (e.g. Angulo-Martinez and
Begueria, 2009; Meusburger et al., 2012; Todisco, 2014), they also influence such hydrological processes involving vegetation
as interception, throughfall, and stemflow (e.g. Staelens et al., 2008; Siegert and Levia, 2014; Lozano-Parra et al., 2015). More-
over, potential changes in characteristics of precipitation events due to climate change may have significant societal impacts,
especially when daily extreme rainfall intensity increases (e.g. Alexander et al., 2006; Trenberth, 2011; Westra et al., 2014).
Short-duration extreme events in particular might intensify more in future climate due to dynamical feedbacks (Lenderink and
van Meijgaard, 2008; Berg and Haerter, 2013; Milldn, 2014). Despite their importance, however, only a few studies have dealt
with the characteristics of individual rainfall events derived from observed rainfall data (Fiener et al., 2013; Hanel et al., 2016).

A comparative review of the published rainfall event characteristics has been provided by Dunkerley (2008a).
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Many studies of precipitation extremes across Europe examine daily data from regional climate model (RCM) simulations
(e.g. Jacob et al., 2007; Fowler and Ekstrom, 2009; Herrera et al., 2010; Hanel and Buishand, 2011, 2012). Although in recent
years growing attention has been given to studies at sub-daily time scales (Hanel and Buishand, 2010; Arnbjerg-Nielsen, 2012;
Kendon et al., 2012; Gregersen et al., 2013; Chan et al., 2014a; Kendon et al., 2014; Sunyer et al., 2015), the complexity of
physical processes related to sub-daily extremes (Stocker et al., 2013; Siler and Roe, 2014) and their simplification within
climate model parameterizations might discourage researchers from verification of sub-daily simulated precipitation. The lack
of long and high-quality observed rainfall data series at hourly or sub-hourly time scales presents another barrier to verification
(Westra et al., 2014).

Even as the majority of RCM simulations available are conducted in resolution coarser than 10 km, the convective pro-
cesses associated with extreme rainfall actually develop at much finer scales (< 4 km; Prein et al., 2015). RCMs usually rely,
therefore, on convection parameterization schemes, even though these are known sources of significant uncertainties and errors
(Brockhaus et al., 2008; Hohenegger et al., 2008; Kendon et al., 2012). That is especially the case for the simulated sub-daily
precipitation (Westra et al., 2014).

For the Czech Republic and an ensemble of RCMs, Kysely et al. (2016) reported that underestimation of convective and
overestimation of stratiform precipitation extremes result in a relatively good representation of total daily precipitation ex-
tremes. This had been noted also for other regions, including the the Netherlands (Hanel and Buishand, 2010) and Denmark
(Gregersen et al., 2013). Moreover, the intensity of convective precipitation and total depths in summer were underestimated
(more so in lowlands; Kysely et al., 2016). Underestimation of summer precipitation totals was reported also by, for example,
Hanel and Buishand (2012) (for the Czech Republic) and Rauscher et al. (2010) (for the region Eastern Europe). Kjellstrom
et al. (2010) indicated that agreement between RCMs and observations at daily time scales was best for moderate rainfall
intensities and that bias was increasing for heavier rainfall events. The ability of RCMs to represent hourly rainfall extremes
properly has been questioned in several studies (e.g. Hanel and Buishand, 2010; Gregersen et al., 2013; Kendon et al., 2014).
For instance, Hanel and Buishand (2010) found that 1 h maxima were underestimated (compared to those from radar data) in
most of those RCM simulations which they analysed for the Netherlands.

Characteristics of individual heavy rainfall events (such as event depth, duration, and intensity) in RCM simulations have
not been studied to date. Therefore, the purpose of this study is to assess rainfall event characteristics in an ensemble of RCM
simulations using hourly data conducted within the ENSEMBLES (van der Linden and Mitchell, 2009) and EURO-CORDEX
(Jacob et al., 2014) projects. The simulated rainfall events are compared to area-average observations in the Czech Republic
for the validation period 1981-2000.

The paper is organized as follows: Section 2 describes the study area, as well as the observed and RCM-simulated data.
Section 3 presents the definition of rainfall events, the event characteristics considered, and the approaches for assessing areal-
averaging effects and biases in the RCM simulations. Results concerning the effects from areal averaging of rainfall data on
events and evaluation of RCM-simulated rainfall event characteristics are presented in Sect. 4 and discussed in Sect. 5. Key

findings are summarized in Sect. 6.
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2 Study area and data
2.1 Study area

Rainfall event characteristics are analysed for the Czech Republic (78,800 km?), located in Central Europe (Fig. 1a). Orography
of the country varies considerably. As can be seen in Fig. 1b, approximately two-thirds of the area is situated at altitudes below
500 m a.s.l., even as several mountain ranges exceed 1200 m a.s.l.

Average annual precipitation totals for the 1961-2000 period vary from about 420 mm in the central-western part of the
country to more than 1200 mm in the mountains. Mean annual precipitation for the Czech Republic is about 670 mm, with a
single maximum occurring at most stations in June and July (Tolasz, 2007). If averaged across the Czech Republic, almost two-
thirds of the annual precipitation falls in the warm half of the year. Rainfall events during the warm period (April-September)
are usually of shorter duration and greater intensity. Rainfall or snowfall events during the cold half of the year (October—
March), meanwhile, are mainly characterized by lower intensities and longer durations, and these are associated with passing

frontal systems and pressure lows (Tolasz, 2007).
2.2 Observed precipitation data

In the present study, we used hourly precipitation data provided by the Czech Hydrometeorological Institute. The original data
in 10 min resolution are based on digitized pluviograph records (from float-type self-recording pluviographs with interception
area of 250 cm?) and were quality checked by Kvéton et al. (2004), who identified and reconstructed damaged or missing
pluviograph records while considering many sources of rainfall information. Hanel and Maca (2014) had further assessed
the quality of the reconstructed data set by comparing daily precipitation depths aggregated from 10 min data with daily
precipitation depths from standard ombrometers. They had considered data for a day unreliable when the difference exceeded
1.5 mm for daily precipitation totals below 15 mm or 10 % for daily precipitation totals above 15 mm. The years with the
fraction of unreliable records larger than 10 % were excluded from the data set. These same criteria were applied in the present
study.

Given the unreliability of the pluviograph records in the winter period (Kvéton et al., 2004), only records from May to
September have been considered. This period is hereinafter referred to as the “season”. Only stations with at least 10 years
of reliable data were used for the comparison of RCM-simulated and observed rainfall event characteristics in the validation
period 1981-2000. The validation period was set to just 20 years in order to maximize overlap of the available RCM simulations
(Sect. 2.3) and observed data. In total, 154 stations (with density of 1 station per 512 km?) fulfilled this condition. (Meanwhile,
more than 15 years of reliable data were available for 60 stations.)

In order to increase the number of stations available for spatial averaging, a longer period (1961-2009) was considered
for analysing the areal-averaging effects. This resulted in making 26 additional stations available (each of which has records
shorter than 10 years or ending before 1981). Figure 1b shows all 180 stations from the data set, the density of which came to

approximately 1 station per 438 km?.
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Moreover, we examined the influence of the number of stations considered in the areal averaging using a dense rain gauge
network for Prague (22 stations within 500 km?). Hourly precipitation data for the period 20022011 were provided by Prazsk4

vodohospodarska spolecnost a.s., administrator of the Prague water management property.
2.3 RCM simulations

An ensemble of 23 RCM simulations was examined (see Table 1 for an overview). Six RCMs were driven by 14 global climate
models (GCMs) to produce 19 simulations in total. Two RCMs (with a total of four runs) were also driven by ERA40 (Uppala
et al., 2005) or ERA-INTERIM (Dee et al., 2011) reanalysis.

The RCMs’ outputs are available on a rotated latitude—longitude grid with horizontal resolutions ranging from 12.5 to 50
km (Table 1). Only the CLM simulation is on a regular grid. From each RCM simulation only grid boxes covering the area of
the Czech Republic (i.e. 52-607 grid boxes for different resolutions and RCMs) were selected.

The HIRHAMS, HadRM3, and RACMO?2 simulations were conducted within the ENSEMBLES project (van der Linden
and Mitchell, 2009), while the RCA4 and RACMO22E simulations were within the EURO-CORDEX project (Jacob et al.,
2014). Two of the HadRM3 simulations were driven by the GCM version with perturbed physics parameterizations (Collins
et al., 2006). HadCM3QO is an unperturbed model run, HadCM3Q3 is a version with a low sensitivity to external forcing, and
HadCM3Q16 includes perturbations resulting in high sensitivity to external forcing. The perturbations in the HadRM3 RCM
correspond to those in the HadCM3 GCM.

3 Methods

This section defines rainfall events in the observed and RCM-simulated data (Sect. 3.1) and describes those event characteristics
considered (Sect. 3.2). Inasmuch as the RCM data represent areal averages rather than point values, the methods for assessing
the effect on event characteristics from areal averaging of rainfall data are further described in Sect. 3.3. Finally, approaches

taken in evaluating simulated rainfall events are presented in Sect. 3.4.
3.1 Rainfall event definition

Several methods exist for defining individual rainfall events (e.g. Peters and Christensen, 2006; Ignaccolo and Michele, 2010;
Gadl et al., 2014). One approach frequently used involves the concept of minimum inter-event time (MIT), which defines events
on the basis of a minimum time interval — reached or exceeded — between two individual events (Dunkerley, 2008b; Ignaccolo
and Michele, 2010). The value of MIT should be selected so that the rainfall events are independent. Nevertheless, MIT is
often set on an ad hoc basis, for instance by following another well-established method such as the universal soil loss equation
(USLE; Wischmeier and Smith, 1978).

Although the estimated optimal MIT would generally vary between the RCM simulations and across the area, and because
the value of MIT influences the values of rainfall events characteristics, a constant MIT is required in order to provide compara-

ble characteristics (e.g. Dunkerley, 2008b; Hanel and Méca, 2014). Therefore, a 6 h MIT was used for deriving rainfall events
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within this study for all RCM simulations as well as for the observed data. It should be noted that although this value is lower
than the optimal MITs estimated for the Czech Republic by Hanel and Méca (2014), it is one of the values most frequently
used (Dunkerley, 2008b). Similarly as in the USLE methodology, we considered further only the heavy rainfall events, i.e.
at-site events with total depth greater than 12.7 mm (Wischmeier and Smith, 1978).

For the observed data, the minimum wet-hour depth is related to rain gauge precision (0.1 mm). The same wet-hour threshold
as used here had been applied also for RCM simulations in previous studies (e.g. Willems and Vrac, 2011; Kendon et al., 2014;
Sunyer et al., 2016). Although the same minimum event depth could be taken for RCM simulations as for observations (12.7
mm), it is well known that the RCM-simulated precipitation totals are often biased. As a consequence, the number of selected
events might be influenced by the bias in mean precipitation. Alternatively, the minimum event depth of a heavy rainfall event
is chosen such that the number of heavy events is on average the same as for observations (= 15 %). This approach is similar
to the quantile mapping method used frequently for bias correction.

To summarize, the areal heavy rainfall events (in RCM simulations and area-average observations) are here defined while
considering a 6 h MIT, fixed wet-hour threshold of 0.1 mm, and minimum event depth corresponding to the 0.85 quantile of

the distribution of event depths.
3.2 Rainfall event characteristics

We focused on the following basic characteristics of rainfall events:
e cvent depth D [mm],
e event duration 71" [h],

e event mean rainfall rate R [mmh~']:

D
R= ?,and )]

e maximum 60 min rainfall intensity during the event Iy [mm h=1.

As our definition of a rainfall event is in general consistent with the USLE methodology, we consider also indicators of

rainfall event erosivity:

e event rainfall energy £ [MJ hafl] (Brown and Foster, 1987):

T
E="0.29d,[1 - 0.72exp (—0.05d,)], )

t=1

where d; is rainfall volume during hour ¢, and

e cvent rainfall erosivity index Elgy [MJ mm ha ™! h=1]:

Elgy=E - Ig. 3)
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Note that in the USLE methodology, maximum 30 min rainfall intensity is considered. Due to the temporal resolution of
RCM-simulated data used in this study, we instead consider maximum 60 min rainfall intensity during an event (/go). The E
and Elg indices are considered here not in order to quantify soil loss but rather as indicators as to the erosive potential of a
rainfall event.

In addition to the aforementioned rainfall event characteristics, we analysed also the following seasonal (May—September)

characteristics:

e number of heavy rainfall events per season N [—], and

e scasonal total precipitation due to heavy rainfall events Sg. [mm].
3.3 Areal averaging of rainfall data

Areal averaging of rainfall data can significantly affect such characteristics of the events as depths (Svensson and Jones, 2010)
or intensity (Eggert et al., 2015). Because an RCM grid box represents a spatial average, RCM simulations cannot be compared
directly to at-site observations. Therefore, various gridded data sets are used for validation of RCM data (e.g. the E-OBS data set
for Europe; Haylock et al., 2008). The gridded data sets available are limited to daily or longer temporal resolution. Therefore,
analogously to the well-established areal reduction factors describing the decrease in rainfall/runoff maxima with increasing
averaging area, we quantified the effect that the areal averaging of rainfall data has on the rainfall event characteristics.

To assess this effect on the (event and seasonal) characteristics, we compared characteristics of events in area-average and

at-site observed data as follows:

1. Square neighbourhoods with area corresponding to the considered resolutions (12.5, 25, and 50 km) were defined around
each station. Neighbourhoods with only one station were excluded. This resulted in 36 neighbourhoods for the 12.5
km resolution, 118 for the 25 km, and 180 for the 50 km resolution. Average numbers of stations included in the
neighbourhoods were 2.25 for the 12.5 km, 2.9 for the 25 km, and 6.04 for the 50 km resolution.

2. Areal average rainfall was calculated for each neighbourhood. Rainfall events were determined for this areal average
as well as at-site for the central station. Characteristics of rainfall events were then calculated (hereafter referred to as

“area-average” and “at-site” characteristics, respectively).
3. We evaluated the following indices:

(a) Ratio of areal mean (event and seasonal) characteristics for each neighbourhood to the mean at-site (event and
seasonal) characteristics, averaged over all neighbourhoods in the Czech Republic. This ratio is further denoted

Ttm.

(b) Ratio of the p™ quantiles of event characteristics for each neighbourhood to the p™ quantiles of at-site event charac-
teristics, averaged across all neighbourhoods in the Czech Republic for p = 0.05,0.1,...,0.95. This ratio is referred

to as quantile ratio 7.
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(c) Ratio of seasonal frequencies (averaged across the Czech Republic) for corresponding bins of the histograms of

areal and at-site event characteristics, further denoted as histogram ratio rt;.
3.4 Evaluation of RCM-simulated characteristics of rainfall events

The RCM-simulated event characteristics (i.e. their areal averages) were compared to the observed at-site characteristics in a
manner similar to that described in point 3 of the procedure specified in Sect. 3.3 by replacing the observed areal average (event
and seasonal) characteristics for the neighbourhoods with the values for individual grid boxes.

We note that the ratios between the RCM simulations and observed at-site rainfall combine the bias in the RCM simulation
with the effect of areal averaging of rainfall data. Therefore, ratios for RCM-simulated characteristics were further compared
to those for area-average observations.

Finally, we also examined the dependence of the RCM-simulated (event and seasonal) characteristics on altitude. A linear
regression model of the dependence of the p™ quantile (for p from 0.05 to 0.95) of the distribution of event characteristics on
altitude was fitted while considering the RCMs and at-site data. Altitude dependence of rainfall event characteristics was then

examined as the change of a characteristic per 100 m change in elevation (y,) given by:

1008+ «
Yp = 1005 o 100 [%], )
o
where (3 is the slope coefficient and « is the intercept. Moreover, the values of the estimated slope coefficient () were analysed

for the seasonal characteristics.

4 Results

This section presents findings related to areal averaging of rainfall data (Sect. 4.1). Further, the RCM-simulated rainfall event
characteristics are evaluated with respect to the observed data for the validation period (1981-2000) using ratios of mean
characteristics (rty; Sect. 4.2), quantile ratios (rt,; Sect. 4.3), and histogram ratios (rts; Sect. 4.4). Altitude-dependence of

event characteristics considering the RCM simulations and at-site observations is assessed in Sect. 4.5.
4.1 Effects of areal averaging in the observed data

The number of rainfall events in area-average observations is higher than that for the at-site data. The same holds true for
the number of area-average heavy rainfall events (V) for the three spatial resolutions considered (Table 2, top four rows),
which is on average approximately 1.4-2 events per season higher (i.e. by as much as 26 %) than the number of at-site events.
Minimum event depth (based on the 85™ quantile of event depths) for area-average observations is lower than 12.7 mm (the
value for the at-site data), and that results in smaller average event depths (D) compared to these for the at-site observations.
Smaller D are compensated, however, by a higher number of events (/Vs), and that leads to a good representation of seasonal

totals due to heavy rainfall events (Ss; +3 % for area-average observations on average).



10

15

20

25

30

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-283, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 21 June 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Mean characteristics of rainfall events considered for the at-site and area-average observations are shown in the right part of
Table 2. Observed area-average characteristics are in general lower than at-site characteristics: D by 14-19 %, T by 8-18 %,
R by 10-27 %, and Iy by 23-39 %.

The quantile ratios rt, are shown in Fig. 2. Because in general the spread of the quantile ratios is similar for the spatial
resolutions considered (not shown), only the envelope of rt, for all neighbourhoods representing the maximum range between
the 5 and 95™ quantiles for the three spatial resolutions is indicated by grey areas in Fig. 2.

Area-average event depths (D) are ~ 10-20 % smaller than at-site D for the whole range of event depths. The area-average
duration (7') of short events is comparable to the at-site 7" for the 12.5 and 25 km resolutions and larger (by ~ 20 %) for the 50
km resolution. For long events, the area-average 71" is about 16 % shorter compared to the at-site observations. The area-average
rainfall rate (R?) is similar to the at-site observations for low values and then significantly diminishes with increasing rainfall
rate. The remaining area-average characteristics’ values are lower than those of the at-site observations, and the differences are
larger for higher quantiles.

To demonstrate how spatial resolution influences the area-average characteristics, boxplots of ¢, for the area-average obser-
vations are presented as a part of Fig. 3 (grey boxplots in the right part of each panel). Most of the area-average characteristics
decrease with increasing area. The exception is event duration ('), which increases with area. The differences in mean event
characteristics between the considered spatial resolutions are generally small (less than 10 %), with the exceptions of R, Isy
and Elg (at 17, 16, and 21 %, respectively). These differences are considerably smaller, however, than are the differences

between the event characteristics over the study area.
4.2 Simulated mean (event and seasonal) characteristics

Figure 3 presents boxplots of rt,, ratios between the RCM-simulated and observed at-site rainfall event characteristics for the
validation period (1981-2000) as derived for grid boxes over the study area.

In the RCM simulations, the event depths (D) correspond generally well with the area-average observations (20 % smaller
on average compared to at-site observations). Event duration (7) is longer for most of the RCM simulations than for at-site
observations (on average by 18 %). That is in contrast with the area-average observations, for which the event duration ()
is shorter than for at-site observations (by 13 % on average). Because event depths (D) for the RCM simulations are smaller
than for at-site observations and event durations (7") are longer in general, event mean rainfall rates (R) are significantly lower
compared to the at-site characteristics (by 56 % on average) while R for area-average observations are lower only by 17 %
on average. Other characteristics’ values, too, are significantly lower for RCM simulations compared to both the area-average
and the at-site characteristics. For example, maximum 60 min rainfall intensities during an event (/¢p) are lower by 30 % with
respect to the area-average observations and by 69 % on average with respect to the at-site data.

The number of heavy events per season ([V) is in general higher in the RCM simulations compared to the at-site observa-
tions (by 42 % on average, i.e. 3.2 events per season). That difference is only 16 % (less than 1.5 events per season), however,
when compared to the area-average observations. The differences in S;. between the RCM simulations and both at-site and

area-average observations range from —33 to +48 % (+11 % on average, i.e. 23 mm per season compared to the area-average
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observations). For the two HIRHAMS simulations (H5_BCM and H5_ECHAMY), large outliers are present at the grid boxes
with the highest altitude (in the northern part of the Czech Republic). There, the number of simulated heavy events (V)
reaches to approximately 44 per season and the seasonal total precipitation due to heavy events (Ss.) to approximately 1700
mm. For observations (both at-site and area-average), maximum values are given by stations at highest altitudes, as well, but
the maximum N is 16 and that for Sy, is = 500 mm. Moreover, several other outliers with higher values for the characteristics
are present in the RCM simulations (especially for event depths and energies; not shown in Fig. 3). These outliers, too, are
generally linked to grid boxes with the highest altitudes.

The coefficient of variation (CV; not shown) of rt,, for the RCM grid boxes (indicator of spatial variability) corresponds
relatively well with that of the area-average observations for event depth (D; CV about 9 % on average), duration (7"; about
12 %), and kinetic energy (£'; about 10 %). The RCM-simulated spatial variability is somewhat lower compared to the area-
average observations for the other characteristics (CV is 9 % for R, 8 % for Iy, and 18 % for E Iy for the RCM simulations
whereas these are 12 %, 12 %, and 29 %, respectively, for the area-average observations). CV for the number of heavy events
per season (V) and seasonal totals due to heavy events (Ss.) is significantly higher in most of the RCM simulations (by almost
as much as three times for N in several RCA4 simulations). Only for RACMO2 and RACMO22E simulations do CVs for

N and S, correspond well with the area-average observations (CV of about 25 and 30 % for Ny, and S, respectively).
4.3 Quantile ratios (rt,)

Figure 4 gives the quantile ratios (rt,) for the RCM simulations and the area-average observations. For the latter, only the
average value (from the 12.5, 25, and 50 km neighbourhoods) and envelope representing the maximum 5"—95" quantile range
for all neighbourhoods is shown (for details, see Sect. 4.1 and Fig. 2).

The correspondence between simulated and area-average event depths (D) is best for events with large D. Some of the RCM
simulations underestimate depths (D) for events with low D (which results in 7 % underestimation on average of D for the
0.05 quantile in the RCM simulations). For most of the RCA4 runs, the quantile ratio 7, does not depend on event depth (D).
That is also the case for area-average observations.

For the longest events, the RCM-simulated event duration (7") corresponds relatively well with the area-average and at-
site observations. However, shortest durations (7") are greatly overestimated (by 1.5 to 3.1 times; i.e. 2.3 times in the RCM
simulations on average compared to the area-average characteristics). Only the event duration (7") in the HS_ARPEGE matches
that of the area-average observations for the whole range of event durations.

The difference between areal (RCM simulations as well as area-average observations) and at-site rainfall rate (R) grows with
increasing quantile. Stronger underestimation of largest rainfall rates (R) is related to significant overestimation of shortest
durations (7"). Moreover, underestimation of the maximum 60 min intensities (/go) is greater for larger values.

Event rainfall energy (F) is related to the values for event depth (D) and duration (7"). The overestimation of duration (1)
for short events partly compensates for the underestimation of small depths (D), and that results in 15 % underestimation of

the rainfall energy (£) in the RCM simulations for low quantiles. As quantile increases the differences increase as well. Due
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to good correspondence between simulated and observed area-average largest event depths (D), however, the underestimation

of E is smaller for the highest quantiles.
4.4 Histogram ratios (rt)

Differences in distribution of rainfall event characteristics’ values between the RCM simulations and the at-site observations
are described by histogram ratio rt¢ (Fig. 5).

Considerably higher numbers of events with smaller depths (D) in the RCM simulations compared to the at-site observations
are expected, partly due to the definition of a rainfall event (minimum values of D in the RCM simulations are between 7 and
11.5 mm). Approximately 2.5 % of all considered events for at-site observations have depths (D) smaller than 13 mm, while
for area-average observations and the three spatial resolutions considered the proportion of such events is 22-29 %. For the
ensemble of RCM simulations, this range takes in 15-54 % of events. Extreme heavy events (with depths exceeding 250 mm),
which rarely occur at some stations, are not present in most of the RCM simulations (exceptions being for all HIRHAMS runs,
HadRM3Q16 driven by ERA40, and HadRM3 driven by HadCM3).

Simulated numbers of events with short duration (7") are underestimated. Only 0.3-7.5 % (1.6 % on average) of events
considered for the RCM simulations are shorter than 6 h, while for the area-average observations it is 9-13 % of events (15 %
for the at-site observations).

Events with the smallest rainfall rates (R < 0.5 mm h~!) are more frequent in the RCM simulations (8-28 % of considered
events) than in the area-average (5-8 %) and at-site observations (7 %). On the other hand, high rainfall rates (R > 3 mmh~!)
are very rare for the RCM simulations (0.3—4 % of considered events), while for the area-average observations these represent
from 8 to 15 % (and for at-site observations almost 19 %) of considered events.

Most of the simulated events (84-99 %) have maximum 60 min intensity (Igo) less than 6 mmh~'. Among area-average
and at-site observations, meanwhile, just 60-72 % and 40 % of events, respectively, have I5y) < 6 mm h~!. RCA4 simulations
(50 km resolution) have absolute maximum values of Iy significantly lower compared to those of other RCM simulations
(only around 11 mmh~1).

Only 24 % of the observed at-site events considered have rainfall energy (F) below 2 MJha~!, whereas for the area-
average observations this figure is 51-58 % and for the RCM simulations it is 38—62 % (with mean 54 %) of events. The RCM
simulations also have more events with low rainfall erosivity index (EI¢). For the RCM simulations, 68-92 % (with mean of
83 %) of events have Elgy < 10 MJ mm ha~! h™1, and for the area-average observations that range is 50-60 %. For the at-site

observations, this low erosivity index occurs for only 26 % of events.
4.5 Altitude-dependence

Figure 6 shows the altitude-dependence of event characteristics for the RCM simulations and at-site observations (note that
for the area-average observations the altitude-dependence has not been investigated due to an uneven spatial distribution and

different numbers of stations in neighbourhoods). The altitude-dependence is expressed as the change in characteristics values
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per 100 m in elevation as estimated by a linear regression between altitude and the values of the rainfall event characteristics
for a specific quantile.

Although the RCM simulations generally show a similar pattern of altitude-dependence as that for the at-site observations
regarding most characteristics (with trends between —5 and 10 %/100m for all quantiles), several RCM simulations at 25
and 50 km resolutions show stronger altitude-dependence compared to at-site observations for high (event depth, duration,
rainfall energy, and rainfall erosivity index) or low (rainfall rate and maximum 60 min intensity) quantiles of rainfall event
characteristics. Two simulations with the highest horizontal resolution (RACMO22E and CLM) show different behaviour for
greatest event depths (D) compared to those of other RCM simulations and at-site observations inasmuch as large D does not
increase with altitude. These differences are nevertheless less than 5 %.

The linear regression is significant (with p < 0.05) for 78 % of all assessed quantiles for all characteristics and the at-site
observations and for 68 % of those quantiles in the case of the RCM simulations. For RCM-simulated rainfall rates (R) and
maximum 60 min intensities (1), however, the altitude-dependence is found to be significant much less frequently (58 and
51 % of cases) than for at-site observations (100 and 95 %, respectively). The number of significant regressions was also
considerably smaller for the RCA4 runs with 50 km resolution.

Number of heavy events per season (V) and seasonal totals due to heavy events (Ss.) strongly depend on altitude in the
RCM simulations (not shown). Simulated V. increase with altitude, with a slope coefficient 5 1.8-7.7 times greater than those
for at-site observations. A similar situation is found for S, with 8 1.1-5.9 times greater. These steeper slope coefficients
[ make altitude-dependence of seasonal characteristics unrealistic compared to at-site observations for a large part of the
RCM simulations. Only two RCM simulations with the higher spatial resolution (CLM with 11.7 and 13.9 %/100 m, and
RACMO22E with 15 and 21 %/100 m) represent the altitude-dependence of Ny, and Sy, for the Czech Republic adequately
(trends for at-site observations are 8.4 and 13.4 %/100 m, respectively).

5 Discussion
5.1 Definition and characteristics of rainfall events

Heavy rainfall event characteristics were assessed in an ensemble of 23 RCM simulations. Events were identified while consid-
ering 6 h minimum inter-event time (MIT), 0.1 mm fixed wet-hour threshold, and minimum total event depth derived for each
RCM simulation as event depth with the same exceedance probability as for the 12.7 mm depth in the observed at-site rainfall
events. Setting the minimum event depth to the fixed value of 12.7 mm led to results generally similar to those presented
in Sect. 4. On the other hand, setting the wet-hour threshold using quantile matching (i.e. in general to lower than 0.1 mm)
resulted in excessive prolongation of rainfall events in some RCM simulations and distortion in the distributions of other event
characteristics.

While the 6 h MIT was used here for the sake of consistency with the definition in other studies (e.g. Agnese et al., 2006;
Murakami, 2006; Fiener et al., 2013; Hanel et al., 2016) and given by the USLE, the optimal MIT estimated by Hanel and
Maica (2014) for the Czech Republic was considerably larger (426-2055 min, 763 min on average). Larger values of optimal

11
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MIT had been reported also by Dunkerley (2008b). To explore the optimal MIT for the RCM simulations, we used the same
procedure as considered by Hanel and Méca (2014) and which is based on the coefficient of variation (CV) of the inter-event
times (Restrepo-Posada and Eagleson, 1982). Optimal MIT averaged across grid boxes for the RCM simulations varied from
7 h (RCA4_NorESM1-M) to 27 h (HadRM3Q3_ HadCM3), with an average value of = 13 h. Differences in the optimal MIT
between grid boxes for the individual RCM simulations were large, ranging from 4 h for RCA4_CMS5A-MR (optimal MIT in
the range of 8—11 h) to more than 24 h for H5S_ ARPEGE (1441 h). The spatial variability was greatest for the three RCM
simulations with the highest optimal MIT: HadRM3Q3_HadCM3, HadRM3Q3_ERA40, and H5_ARPEGE. Because MIT
value strongly influences the values of event characteristics (e.g. higher MIT leads to a smaller number of events, consequently
with larger duration and event depths; Hanel and Maca, 2014), the evaluation of event characteristics would not be feasible

using estimated, highly variable MITs.
5.2 Effect of areal averaging

The areal-averaging effect was considered when comparing at-site observed and RCM-simulated event characteristics. Ob-
served area-average rainfall event characteristics were analysed for an extended period (1961-2009) in three spatial resolutions
(12.5, 25, and 50 km) corresponding to the resolutions of the RCMs.

Estimates as to the effect of areal averaging are influenced by several sources of uncertainties (Svensson and Jones, 2010), in
particular by spatial variability and coverage of rain gauges. Because it is obvious that a sufficient number of stations must be
available in order to provide a reliable estimate of the areal-averaging effect, we assessed the effect of the number of stations
considered in the areal averaging on the estimated 7, ratio using a dense rain gauge network for Prague (22 stations, 500
km?). The assessment was based on repetitive estimation of rt,, from resampled data with the number of stations used for
areal averaging ranging from 2 to 22.

The number of stations included into the calculation of the areal average influenced the estimated event characteristics. Mean
event depths (D) were least affected by the number of stations compared to other characteristics (with rt,,, decreasing with the
number of stations from —12 to —15 % of the at-site value). Event duration (7°) was slightly increasing with the number of
stations involved (from —5.6 to 4.3 %). Behaviour of D and T was reflected in the event mean rainfall rate (R), which was
continually decreasing with the rising number of stations from —17 to —39 %. As a consequence, the ratios for maximum
60 min intensity (lgo; —17 to —33 %), event rainfall energy (E; —18 to —26 %), and event rainfall erosivity index (Fgg;
—36 to —59 %) were decreasing with the number of stations as well. The largest differences in ratios were observed between
areal averages estimated from a small number of stations (typically fewer than 6). This finding is in agreement with Allen
and DeGaetano (2005), who reported that areal reduction factors are not substantially influenced by the number of stations
involved when derived from 10 or more stations. Observed area-average rainfall event characteristics for the study area (the
Czech Republic) can therefore be affected by insufficient number of stations for resolution finer than 50 km (below 3 stations
per neighbourhood).

Several conclusions can be drawn from the comparison of area-average and at-site characteristics in general:

12



10

15

20

25

30

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-283, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 21 June 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

e More heavy rainfall events are identified in area-average observations while the area-average seasonal total precipitation

due to heavy events corresponds well with that from the at-site observations.

e Area-average event characteristic values are on average lower than are those for at-site observed characteristics, except

that area-average event duration is longer for the shortest events and rainfall rate is comparable for events with low rates.

e For most of the characteristics, the difference between the area-average and at-site observations grows with increasing
non-exceedance probability (the exception being event depth, for which the difference is comparable across the whole
distribution). Many other studies point out larger differences between area-average and at-site rainfall for more extreme
rainfall events (e.g. Skaugen, 1997; Asquith and Famiglietti, 2000; Allen and DeGaetano, 2005).

e Considerably fewer events with high maximum 60 min rainfall intensity (I4p) and more events with low Iy occur in

area-average observations than in at-site observations.

o The effect of areal averaging (lower values of characteristics with larger area, except for event duration) is generally in
agreement with the review published by Svensson and Jones (2010) and the analysis of Eggert et al. (2015), who have
shown more pronounced decrease for more extreme convective precipitation intensity with coarser spatial and larger
temporal resolution derived from radar data. However, the estimated areal-averaging effect was not much different for
the considered area sizes, and especially with respect to its great spatial variability. This might be a consequence of a

small number of stations being available for estimation at finer spatial scales.
5.3 RCM-simulated rainfall event characteristics

Differences between the RCM-simulated and at-site observed characteristics are in general considerably larger than are those
between the at-site and area-average observations, i.e. these differences are dominated by the RCMs’ bias rather than the
areal-averaging effect.

The ensemble-average number of heavy rainfall events is larger by 1.5 events (16 %) per season than for area-average
observations, and the ensemble average of seasonal total precipitation due to heavy events is larger by 23 mm (11 %). Although
the RCM-simulated number of heavy events and seasonal total precipitation due to heavy events averaged across the Czech
Republic correspond relatively well with the area-average observations, large differences between individual grid boxes may
be found (especially due to elevation). Generally good simulation of extremes (mean annual maxima, 20-year return values)
in total precipitation amounts (from both convective and stratiform daily precipitation data together) were also reported for the
Czech Republic by Kysely et al. (2016).

Simulated event depths (D) are comparable with the area-average observations, with depths of extreme heavy rainfall events
(with non-exceedance probability p = 0.95) corresponding best with the area-average observations. Because mean simulated
(and area-average) event durations (7") are relatively long (> 16 h), the results are in general consistent with those of Hanel
and Buishand (2010), who reported good representation of daily precipitation extremes for the area of the Netherlands even as

hourly maxima tended to be too low. For the Czech Republic, Hanel and Buishand (2012) found larger negative bias in daily
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precipitation extremes for an ensemble of RCM simulations from the ENSEMBLES project in summer (by as much as 17 %),
while the bias was significantly lower in spring and autumn. Hence, including May and September into rainfall data might
reduce the bias, which is smaller in our study.

Recent studies considering different spatial resolutions of RCM simulations suggest that hourly precipitation characteristics
of extreme events are represented better in RCMs with higher spatial resolution (e.g. Ban et al., 2014; Chan et al., 2014b;
Kendon et al., 2014). The better representation of hourly extremes is mainly due to the convection-resolving approach, however,
because by increasing spatial resolution to approach the convection-permitting scale (about 4 km; Prein et al., 2015) it is
possible to switch off most of the convection parameterizations (Fosser et al., 2015). All RCM simulations analysed in this
paper rely on convection parameterization schemes, and the differences between RCM simulations conducted at different
spatial resolutions are small and not systematic. Also, Sunyer et al. (2016) suggest that differences between RCM simulations
with convective parameterization due to spatial resolution are smaller are than differences due to RCM-GCM combinations
for precipitation extremes. Therefore, characteristics of rainfall events for the RCM simulations with 50 km resolution (RCA4)
also are not much different from these for other RCM simulations. Exceptions are the highest maximum 60 min rainfall
intensities during an event (/gp), which are underestimated more in RCA4 simulations compared to these from other RCMs.
These results are in accordance with those of Sunyer et al. (2016), who concluded that the 50 km spatial resolution is not
sufficient to reproduce hourly extreme precipitation even though the performance of the RCMs considering daily extremes
seems not to depend on the spatial resolution.

The RCM-simulated maximum 60 min rainfall intensities (I5) as well as the number of events with large rainfall rate (R)
are significantly lower than for the observed data. This is in accord with Kysely et al. (2016), who concluded that intensity
of RCM-simulated convective precipitation in summer is underestimated and that this underestimation is related to convective
parameterization. Similar explanation for the underrepresentation of short-duration, high-intensity events in RCM simulations
was given also by Kendon et al. (2012).

Overestimation of event duration (7") is a consequence of the well-known tendency of RCMs to produce too much persis-
tent light rain and underestimate the number of dry days (e.g. Fowler et al., 2007; Boberg et al., 2009; Kendon et al., 2012).
This strongly impacts especially events with the shortest durations (77), which are severely overestimated in the RCM simula-
tions. Large overestimation of short durations (7°) then causes pronounced underestimation of larger rainfall rates (R). Fosser
et al. (2015) reported the same issue of too-long events also for an RCM with higher resolution and most of the convective
parameterizations turned off (COSMO-CLM, 2.8 km resolution).

It should be noted that when event duration (7") is corrected (i.e. the events are proportionally shortened according to
quantile ratio rt, of event durations), mean rainfall rate (I?) increases to values that are well comparable with the area-average
observations. For instance, correcting the event durations (7') in the RACMO2_ECHAMS simulation (corresponding best with
the area-average event depths) results in an 80 % increase of mean R (mean characteristics are shown in Table 2). Shortening
an event also increases the maximum 60 min intensity during an event (Ig; by about 50 %), event rainfall energy (E; by 10
%), and erosivity index (Flg; by 65 %), even though these values are still slightly below the area-average observations (ratios

rtm in Fig. 3 for corrected mean Igy, 2, and E Iy would then be 0.46, 0.61, and 0.26, respectively).
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Most analysed characteristics in most of the RCM simulations show a pattern of altitude-dependence similar to that for
the at-site observations, and the differences in strength of the altitude-dependence for different quantiles of rainfall event
characteristics are in general small (largest differences compared to at-site observations appear for simulations with the coarse
50 km resolution). The number of heavy events per season and seasonal total precipitation due to heavy events increase with
altitude, and this dependence is captured better by RCM simulations with the higher spatial resolution. This could be expected
due to better representation of orography as indicated by Rauscher et al. (2010) or Prein et al. (2016).

RCM simulations driven by the ERA reanalyses do not in general show better results compared to those from the GCM-
driven RCMs. That is in agreement with Hanel and Buishand (2010), who indicated that bias is largely due to the precipitation
parameterization rather than the driving boundary conditions. Although HadRM3 runs driven by the ERA40 reanalysis have
event durations (7") considerably shorter than these for the GCM-driven simulations (i.e. they show greater similarity with
observations), values for event depths (D) as well as other characteristics are generally lower in the ERA40-driven simulations.
As a result, the distribution functions of the other event characteristics appear similar for the simulations driven by ERA40 as
for those driven by GCMs, with larger differences occurring mostly between the perturbed and unperturbed runs. RCA4 driven
by ERA-INTERIM reanalysis remains approximately in the middle of the range of all RCA4 runs for all characteristics and all
assessed ratios. That is in line with the inter-comparison of RCA4 simulations according to monthly precipitation amounts as

reported by Strandberg et al. (2014).

6 Conclusions

This study presents a methodology for analysis of precipitation characteristics in RCM simulations from an event-based per-
spective. Individual rainfall events are important with respect to many hydrological applications. Although it is generally not
expected that the current RCMs would simulate sub-daily variability and rainfall event characteristics properly (e.g. Kendon
et al., 2014; Westra et al., 2014), characterization of the biases can be useful for studies using simulated sub-daily rainfall
data and also for the development of climate models, including research concerning their parameterizations, which is still very
pertinent (e.g. Grell and Freitas, 2014) despite the increasing availability of convection-permitting RCM simulations (Prein
etal., 2015).

The results suggest that representation of individual rainfall events in the RCM simulations suffers from several deficiencies
which have been only partly discussed in previous studies dealing with precipitation characteristics and extremes. The most

important findings are summarized as follows:

e Differences between RCM-simulated and at-site observed rainfall event characteristics are dominated by the bias of the

climate models rather than the areal-averaging effect.

e The RCMs on average represent the number of heavy rainfall events and seasonal total precipitation due to heavy events

relatively well, except that grid boxes at the highest altitudes produce large overestimation for some RCM simulations
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(in general, slightly higher numbers of events for most of the RCM simulations; as well as a good representation of

seasonal total precipitation for an ensemble of RCMs, despite larger differences for different RCM simulations).

e Simulated event depths correspond relatively well with the area-average observations, while event durations are over-
estimated. Other characteristics (event mean rainfall rate, maximum 60 min rainfall intensity, and indicators of rainfall

event erosivity) are significantly underestimated.

e The underestimation is larger for larger rainfall rates and maximum 60 min rainfall intensities during an event. These

characteristics are underestimated most for extreme heavy events.

e The largest deficiencies are found for events with short duration, which are longer in the RCM simulations compared to
the area-average observations. Therefore, the numbers of events with shortest duration (below 10 h) also are much lower
in the RCM data. Overestimation of event durations then causes underestimation of rainfall rates and partly also of other

characteristics.

The limitations in RCM-simulated rainfall event characteristics should be taken into consideration when applying their

outputs in hydrological studies and climate change assessments.
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RCM (reference) — Institution producing the model output

Acronym Driven by

Horizontal resolution

Number of gridboxes

CLM 2.4.11 (Bohm et al., 2006; Lautenschlager et al., 2009) — Max Planck Institute for Meteorology (MPI), Germany

CLM ECHAMS/MPIOM 22 km (0.2°) 301
HadRM3.0 (Collins et al., 2011) — Met Office Hadley Centre (MOHC), UK
HadRM3Q0_ERA40 ERA40 25 km (0.22°) 173
HadRM3Q3_ERA40 ERA40
HadRM3Q16_ERA40 ERA40
HadRM3Q0_HadCM3 HadCM3QO0
HadRM3Q3_HadCM3 HadCM3Q3
HadRM3Q16_HadCM3 HadCM3Ql16
HIRHAMS (Christensen et al., 2007) — Danish Meteorological Institute (DMI)
H5_ARPEGE ARPEGE 25 km (0.22°) 173
H5_BCM BCM
H5_ECHAMS ECHAMS5-13
RACMO2.1 (van Meijgaard et al., 2008) — Royal Netherlands Meteorological Institute (KNMI)
RACMO2_ECHAMS ECHAMS5-13 25 km (0.22°) 173
RACMO2_MIROC MIROC3.2

RACMO22E (van Meijgaard et al., 2012) — Royal Netherlands Meteorological Institute (KNMI)

RACMO22E

ICHEC-EC-EARTH 12.5 km (0.11°) 607

RCA4.0 (Kupiainen et al., 2011; Samuelsson et al., 2011) — Swedish Meteorological and Hydrological Institute (SMHI)

RCA4_ERAINT
RCA4_CanESM2
RCA4_CMS5A-MR
RCA4_CNRM-CM5
RCA4_EC-EARTH
RCA4_ESM2M
RCA4_ESM-LR
RCA4_HadGEM2-ES
RCA4_MIROCS
RCA4_NorESM1-M

ERA-INTERIM
CCCma-CanESM2
IPSL-CM5A-MR
CNRM-CM5
ICHEC-EC-EARTH
NOAA-GFDL-ESM2M
MPI-ESM-LR
MOHC-HadGEM2-ES
MIROCS
NCC-NorESM1-M

50 km (0.44°) 52
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Table 2. Seasonal number of heavy rainfall events (/Ns [—]), seasonal total precipitation due to heavy events (Ss [mm]), and mean rainfall
event characteristics (D [mm], 7' [mm], R [mmh™'], Iyp [mmh™'], E [MJha™'], and Elsy [MJ mmha~*h~']) for the 1981-2000

period in the observed data (top 4 rows) and the RCM simulations.

Acronym Nge Sie D T R Iso FE FElg

At-site observations average 7.62 1947 25.0 19.7 237 938 3.66 48.75

Area-average observations

12.5 km 941 2056 214 162 214 720 292 28.88
25 km 9.00 1979 216 171 202 682 289 26.16
50 km 9.66 198.8 202 181 1.73 568 256 18.77
Summary of RCM simulations
RCMs average 10.82 2234 200 232 1.04 293 202 7.88
12.5 km res. RCM 1120 2125 188 259 0.86 3.00 190 7.96
25 km res. RCMs 10.54 2152 198 223 1.08 3.12 2.04 9.08
50 km res. RCMs 11.08 2350 205 239 102 260 201 597
RCM simulations
CLM 10.84 2089 192 228 1.06 391 2.09 1358
HadRM3QO_ERA40 11.83 2392 196 206 1.19 3.74 211 1228
HadRM3Q3_ERA40 10.05 1695 165 188 1.00 290 1.70 6.99
HadRM3Q16_ERA40 1140 2267 191 215 1.08 321 198 9.56
HadRM3Q0_HadCM3 11.33 2783 239 232 128 420 262 1690
HadRM3Q3_HadCM3 10.51 209.0 195 21.6 1.04 3.01 201 856
HadRM3Q16_HadCM3 1031 2317 216 232 111 348 227 11.84
H5_ARPEGE 7.61 1327 169 174 1.19 283 170 5.67
H5_BCM 1270 246.6 185 205 1.08 251 183 527
H5_ECHAMS .11 2247 190 205 1.13 291 192 654
RACMO2_ECHAMS 942 1910 202 266 091 281 202 7.69
RACMO2_MIROC 9.67 217.8 224 31.1 085 274 224 8.63
RACMO22E 1120 2125 188 259 086 3.00 190 796
RCA4_CanESM2 10.65 2215 200 239 101 263 197 6.01
RCA4_CMSA-MR 11.14 2194 192 227 1.02 253 189 546
RCA4_CNRM-CMS5 12.38 2892 225 250 1.07 277 223 694
RCA4_EC-EARTH 11.11 2497 217 264 095 244 211 586
RCA4_ERAINT 1020 208.1 199 23.0 1.03 267 197 6.04
RCA4_ESM2M 12.08 2756 222 261 099 253 217 625
RCA4_ESM-LR 1145 2579 219 250 1.06 272 217 6.65
RCA4_HadGEM2-ES 993 1733 168 21.6 093 235 162 435
RCA4_MIROCS 10.11 2212 212 23.0 1.11 283 211 6.67
RCA4_NorESM1-M 1176 2338 192 219 1.03 257 189 541
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Figure 1. (a) Location of the Czech Republic in Central Europe. (b) Stations (dots) used for assessing the areal-averaging effect and evaluating

the RCM simulations. Altitude is indicated by colour.
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Figure 2. Quantile ratios 7t, for the distribution of the area-average and at-site rainfall event characteristics (D, T', R, Iso, E, El¢). For each
spatial resolution (12.5, 25, 50 km), the average from all neighbourhoods is indicated by solid line. Envelopes of rt, for all neighbourhoods

(grey areas) represent the maximum range between the 5" and 95" quantiles for the three considered spatial resolutions.
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Figure 6. Dependence between rainfall event characteristics and altitude. Dependence is expressed by the change of characteristic per 100

m in elevation for the corresponding probability from the empirical distribution function of the event characteristics. Spatial resolution of the

RCM simulations is indicated by colour (lines with points show RCM simulations average).
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Abstract: Projected changes of warm season (May—September) rainfall events in an ensemble of 30 regional climate
model (RCM) simulations are assessed for the Czech Republic. Individual rainfall events are identified using the concept
of minimum inter-event time and only heavy events are considered. The changes of rainfall event characteristics are
evaluated between the control (1981-2000) and two scenario (2020-2049 and 2070-2099) periods. Despite a consistent
decrease in the number of heavy rainfall events, there is a large uncertainty in projected changes in seasonal precipitation
total due to heavy events. Most considered characteristics (rainfall event depth, mean rainfall rate, maximum 60-min
rainfall intensity and indicators of rainfall event erosivity) are projected to increase and larger increases appear for more
extreme values. Only rainfall event duration slightly decreases in the more distant scenario period according to the RCM
simulations. As a consequence, the number of less extreme heavy rainfall events as well as the number of long events
decreases in majority of the RCM simulations. Changes in most event characteristics (and especially in characteristics re-
lated to the rainfall intensity) depend on changes in radiative forcing and temperature for the future periods. Only chang-

es in the number of events and seasonal total due to heavy events depend significantly on altitude.

Keywords: Rainfall event; Hourly rainfall; Regional climate model; Climate change.

INTRODUCTION

Potential changes in characteristics of precipitation events
such as event depth, duration or intensity due to climate change
are of significant societal concern, especially after evidence of
increasing daily extreme rainfall intensity has strengthened
(Alexander et al., 2006; Trenberth, 2011; Westra et al., 2014).
Central Europe has been affected by several major flood events
in the recent decades (e.g. Kundzewicz et al., 2005; Kundze-
wicz, 2012). These floods resulted either from heavy multi-day
rainfall events affecting large areas (e.g. Bloschl et al., 2013) or
from localized extreme sub-daily events (e.g. Marchi et al.,
2010). Especially short duration extreme events might intensify
more in future climate due to dynamical feedbacks (Berg and
Haerter, 2013; Lenderink and van Meijgaard, 2008; Millan,
2014).

A comprehensive overview of the assessment studies on
trends in precipitation extremes and floods across Europe is
given by Madsen et al. (2014). Over the Czech Republic,
Kysely (2009) evaluated seasonal trends in heavy precipitation
on daily basis for 1961-2005. In winter, spatially coherent
increases were reported mainly in the western part of the coun-
try. The trends were spatially less uniform in summer, but
increasing tendency in heavy precipitation prevailed. Decreases
were observed in spring, while the least spatially coherent and
insignificant trends were found in autumn.

Only a limited number of studies analysed sub-daily rainfall
extremes (e.g. Beck et al., 2015; Jakob et al., 2011; Lenderink
et al., 2011). For the Czech Republic, Hanel et al. (2016) ana-
lysed trends in characteristics of sub-daily heavy precipitation
(at various aggregation levels from 30-min to 1-day) consider-
ing 17 stations and 51 years (May—September periods for
1961-2011). Observed trends in indices of heavy precipitation
(seasonal maxima; rain intensity index; fractions of precipita-
tion due to very wet days) were significant and positive for
many of the stations (an average increase of 2-9% per decade
for all examined characteristics).

Recently, Rulfova and Kysely (2014) analysed characteris-
tics of convective and stratiform precipitation separately at 11
stations for 1982-2010. They found that spatially averaged
trends in convective precipitation were positive for rainfall
totals and the number of wet days in spring, summer and au-
tumn, and tended to be more pronounced at lowland stations.
The trends in extreme convective precipitation (maximum
seasonal 6-hour and 1-day totals) were spatially more variable
and often insignificant, but slight increase prevailed as well.
The observed increase in total precipitation in spring and sum-
mer was mainly due to an increase in convective precipitation
(Rulfova and Kysely, 2014).

Events with high rainfall depths and durations of a few hours
are most often associated with convective storms (Hand et al.,
2004; Westra et al., 2014). Rulfova and Kysely (2013) reported
that the convective precipitation represents about 50% of the
total precipitation in summer for the Czech Republic, and heavy
rainfall events contribute significantly to precipitation in warm
season.

Despite the relevance to urban hydrology or soil erosion as-
sessment, only a few studies dealt with characteristics of indi-
vidual rainfall events derived from observed rainfall data.
Fiener et al. (2013), for instance, found significant trends in
annual rainfall erosivity in a long record (1937-2007) of 5-min
precipitation data for 10 stations in Germany. Hanel et al.
(2016) assessed erosive rainfall events for the 1961-2011
period in the Czech Republic and found significant increasing
trends in event rainfall rate and significant decreasing trends in
event duration.

To obtain estimates of possible future changes in precipita-
tion at a regional or local scale, regional climate models
(RCMs) are widely used. Studies on precipitation extremes in
ensembles of RCM simulations over the area of the Czech
Republic (Hanel and Buishand, 2012; Kysely and Beranova,
2009; Kysely et al., 2011) reported increases in summer and
winter 1-day precipitation extremes for the late 21% century
(increases in the 50-year quantile ~ 16-26%). Comparable
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future changes in daily summer precipitation extremes were
indicated also for many other locations in Europe (e.g. Frei et
al., 2006; Hanel and Buishand, 2011; Madsen et al., 2014).

While the simulated changes in precipitation extremes at
daily and multi-day time scales are explored relatively well,
only few studies considered changes at sub-daily time scales.
For instance, based on RCM simulations and climate analogues,
Arnbjerg-Nielsen (2012) estimated an increase in design sub-
daily precipitation intensities in Denmark (up to 50% for hourly
precipitation maxima and 100-year return period within the
next 100 years). The projected increase in intensities tended to
be larger with shorter durations and higher return periods. Ha-
nel and Buishand (2010) analysed changes in hourly and daily
summer precipitation extremes over the Netherlands using a
statistical model. The estimated changes in annual daily maxi-
ma were relatively small (= 20% for return periods larger than 5
years). A similar value was found also for hourly extremes,
when the statistical model was constrained to allow for changes
only in the first two moments of the distribution; however, an
unconstrained model revealed = 45-60% increase in 50 to 200-
year precipitation maxima indicating large uncertainty in pro-
jected changes of high quantiles. Large increases in simulated
heavy summer precipitation were also mentioned by Lenderink
and van Meijgaard (2008) for the Netherlands and Kendon et
al. (2014) for the UK, while Knote et al. (2010) and Pan et al.
(2011) reported decreases for Germany and Western U.S.,
respectively.

The majority of available RCM simulations (having spatial
resolution coarser than 10 km) relies on convection parameteri-
zation schemes, which are sources of significant uncertainties
and errors (Brockhaus et al., 2008; Hohenegger et al., 2008;
Kendon et al.,, 2012) especially for sub-daily precipitation
(Westra et al., 2014). The deficiencies in simulating convective
precipitation may significantly affect the estimated changes in
rainfall extremes (Kendon et al., 2014).

The purpose of this paper is to analyse changes of heavy
rainfall event characteristics between the control (1981-2010)
and two scenario periods (2020-2049 and 2070-2099) as pro-
jected by an ensemble of RCM simulations with hourly data
conducted within the ENSEMBLES (van der Linden and
Mitchell, 2009) and EURO-CORDEX (Jacob et al., 2014)
projects.

The paper is organized as follows. The study area and RCM
data are described in following section. Section Methods pro-
vides definition of heavy rainfall events, considered event char-
acteristics and approaches for the assessment of changes in
RCM-simulated rainfall events. The changes in RCM-simulated
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heavy rainfall events are given in the Results section. The paper
is closed by Discussion and Summary.

STUDY AREA AND THE RCM SIMULATIONS

Projected changes in RCM-simulated rainfall event charac-
teristics are analysed for the Czech Republic (78800 km?) lo-
cated in Central Europe (Fig. 1a). Approximately two-thirds of
the area are situated in altitudes below 500 m, while several
mountain ranges on the borders exceed 1200 m in elevation
(maximum is about 1600 m in the north; Fig. 1b). Average
annual precipitation totals for the 1961-2000 period vary from
about 420 mm in the central-western part of the country up to
more than 1200 mm in the mountains. Mean annual precipita-
tion for the Czech Republic is about 670 mm and the wettest
months at most stations are June and July (Tolasz, 2007). Al-
most two-thirds of the annual precipitation falls in the summer
half of the year. During the summer half-year (April-
September) the rainfall events usually have shorter durations
and larger intensities, while during the winter half-year (Octo-
ber—March) the rainfall events are mainly characterized by
lower intensities and longer durations, and are connected to low
pressure and frontal systems (Tolasz, 2007).

The examined ensemble of 30 RCM simulations is described
in Table 1. Six RCMs are driven by 14 global climate models
(GCMs) forced by scenarios SRES A1B (Nakicenovic and
Swart, 2000), RCP2.6, RCP4.5 or RCP8.5 (van Vuuren et al.,
2011). The RCMs outputs are available on a rotated latitude-
longitude grid with a horizontal resolution ranging from 12.5 to
50 km. Only the CLM simulation is on a regular grid. From
each RCM simulation only grid boxes covering the area of the
Czech Republic (i.e. 52-607 grid boxes for different RCMs)
were selected (see Fig. 1b).

The HIRHAMS5, HadRM3 and RACMO2 simulations were
conducted within the ENSEMBLES project (van der Linden
and Mitchell, 2009), while the RCA4 and RACMO22E simula-
tions within the EURO-CORDEX project (Jacob et al., 2014).
Two of the HadRM3 simulations are driven by the GCM ver-
sion with perturbed physics parameterization (Collins et al.,
2006). HadRM3QO is an unperturbed model run, HadRM3Q3
is a version with low sensitivity to external forcing, and
HadRM3Q16 includes perturbations resulting in high sensitivi-
ty to external forcing. The perturbations in the HadRM3 RCM
correspond to those in the HadCM3 GCM.

Projected changes were analysed between the control period
(1981-2000) and two scenario periods (2020-2049 and 2070—
2099).

Altitude [m]

1400
1200
Sk - - -1000
- 800
- 600
- 400

200

Fig. 1. (a) Location of the Czech Republic in Central Europe. (b) Centres of grid boxes covering the Czech Republic for RCM simulations
with 50 km (black dots, 52 grid boxes) and 12.5 km spatial resolution (small red dots, 607 grid boxes).
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Table 1. Overview of the RCM simulations.

RCM

Acronym Driven by GCM

Forcing

Horizontal resolu-

. Grid boxes
tion

CLM 2.4.11 (Bohm et al. 2006; Lautenschlager et al. 2009a, b) — Max Planck Institute for Meteorology (MPI), Germany

CLM ECHAMS5/MPIOM SRES A1B 22 km (0.2°) 301
HadRM3.0 (Collins et al. 2011) — Met Office Hadley Centre (MOHC), UK

HadRM3Q0_HadCM3 HadCM3Q0 SRES A1B 25 km (0.22°) 173
HadRM3Q3 HadCM3 HadCM3Q3

HadRM3Q16 HadCM3 HadCM3Q16

HIRHAMS (Christensen et al. 2007) — Danish Meteorological Institute (DMI)

H5 ARPEGE ARPEGE SRES A1B 25 km (0.22°) 173
H5 BCM BCM

H5_ECHAMS ECHAMS5-13

RACMO2.1 (van Meijgaard et al. 2008) — Royal Netherlands Meteorological Institute (KNMI)

RACMO2_ECHAMS ECHAMS5-13 SRES A1B 25 km (0.22°) 173
RACMO2_MIROC MIROC3.2

RACMO22E (van Meijgaard et al. 2012) — Royal Netherlands Meteorological Institute (KNMI)

RACMO22E ICHEC-EC-EARTH

RCP4.5, RCP8.5

12.5 km (0.11°) 607

RCA4.0 (Kupiainen et al. 2011; Samuelsson et al. 2011) — Swedish Meteorological and Hydrological Institute (SMHI)

RCA4 CanESM2
RCA4 CM5A-MR
RCA4 CNRM-CMS5
RCA4 EC-EARTH

CCCma-CanESM2
IPSL-CM5A-MR
CNRM-CM5
ICHEC-EC-EARTH

RCA4_ESM2M NOAA-GFDL-ESM2M
RCA4_ESM-LR MPI-ESM-LR

RCA4 _HadGEM2-ES MOHC-HadGEM2-ES
RCA4_MIROCS MIROCS

RCA4 NorESM1-M NCC-NorESM1-M

RCP4.5, RCP8.5
RCP4.5,RCP8.5
RCP4.5, RCP8.5
RCP2.6, RCP4.5, RCP8.5
RCP4.5, RCP8.5
RCP4.5, RCP8.5
RCP4.5, RCP8.5
RCP4.5, RCP8.5
RCP4.5, RCP8.5

50 km (0.44°) 52

METHODS

This section provides the definition of rainfall events and
considered event characteristics. Methods for the analysis of
changes in rainfall events are presented at the end of the
section.

Rainfall event definition

Rainfall events were defined using the minimum inter-event
time (MIT) approach (e.g. Dunkerley, 2008). Six hour MIT was
used for the derivation of rainfall events in all RCM simula-
tions. This value is used most frequently for the identification
of individual events in observed data (Dunkerley, 2008) and is
typical also in rainfall erosion studies (e.g. Wischmeier and
Smith, 1978). Please note, however, that the estimated optimal
MIT for observed data over the Czech Republic is longer (Ha-
nel and Maca, 2014). This holds true also for most of the RCM
simulations for the Czech Republic in 1981-2000 (not shown).

In addition to 6-hour MIT a wet-hour threshold of 0.1 mm
was considered in order to account for drizzling effect in the
evaluation of RCM simulations (Kjellstrom et al., 2010). The
same value was used also in previous studies (e.g. Kendon et
al., 2014; Willems and Vrac, 2011). We further focused on 15%
of rainfall events with the largest event depth during the warm
season (May—September), which are referred to as heavy rain-
fall events in the rest of the paper. Note that for observed data
this means that the threshold defining heavy rainfall events
roughly corresponds to 12.7 mm, which is the minimum event

depth of a rainfall event to be considered erosive according to
the Universal Soil Loss Equation methodology (Wischmeier
and Smith, 1978).

Rainfall event characteristics

We focused on projected future changes of the following
rainfall event characteristics:

—rainfall event depth D [mm],
— rainfall event duration 7 [h],
— event mean rainfall rate RR [mm-h_l]:

D
RR =2 (1)

— maximum 60-min rainfall intensity during an event /60
[mm-h].

In addition, the following indicators of erosive potential of a
rainfall event were considered as well:

— event rainfall energy E [MJ-ha']; Brown and Foster
(1987):

E =3T_,0.29d,[1 — 0.72exp(—0.05d,)] Q)

where d, is a rainfall volume during hour ¢.
— event rainfall erosivity index £/60 [MJ-mm-ha '-h™']:
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EI60 = E - 160 3)

Finally, we analysed also projected changes in seasonal
(May—September) characteristics:

— the number of heavy rainfall events per season Ne [—] and
— seasonal total due to heavy rainfall events TOT [mm].

Assessment of projected changes of rainfall event
characteristics

The changes of rainfall (event/seasonal) characteristics over
two scenario periods: 2020-2049 (SCEl) and 2070-2099
(SCE2) with respect to the control period 1981-2000 were
assessed in the RCM simulations for the Czech Republic as
follows:

1) Rainfall events were determined for each grid box
across the study area and all periods. Characteristics of rainfall
events were calculated.

2) We evaluated changes in the RCM simulations be-
tween the scenario and control periods for:

a) mean rainfall (event/seasonal) characteristics for each
grid box over the study area (further denoted 7ts,,);

b) p™ quantiles of the distribution of rainfall event char-
acteristics for each grid box for cumulative probabilities p =
0.05,0.1, ..., 0.95 (further referred to as quantile changes rts,);

c) areal average annual frequencies for corresponding
bins of the histograms of rainfall event characteristics (further
denoted as histogram changes rts).

3)  Because atmospheric temperature may influence the
intensity of rainfall extremes (e.g. Utsumi et al., 2011; Westra
et al., 2013), we analysed also relations of simulated rainfall
event characteristics to changes in daily mean temperature
(T2M [°C]) and radiative forcing (RFO [W'm_z]). Radiative
forcing as given by Houghton et al. (2001) for the SRES A1B
emission scenario and Meinshausen et al. (2011) for the RCP
scenarios was considered. Changes of radiative forcing and
daily temperature for the scenario periods were calculated in
the same way as rts,, for other (event/seasonal) characteristics.
Then all rts, were averaged over the study area (i.e. one rts,
value for each characteristic for an RCM simulation and a
scenario period) and a linear regression model for the depend-
ence of changes (rts,,) in rainfall (event/seasonal) characteris-
tics on changes in RFO (T2M) was fitted considering the whole
RCM ensemble.

PROJECTED CHANGES OF RAINFALL EVENT
CHARACTERISTICS

Results related to changes in RCM-simulated rainfall
(event/seasonal) mean characteristics, quantiles and histograms
are described in this section. Relations between radiative forc-
ing, temperature and rainfall event characteristics are summa-
rized in at the end of this section.

Changes of mean rainfall (event/seasonal) characteristics

Mean characteristics of RCM-simulated heavy rainfall
events for the control period (1981-2000) averaged over the
study area are shown in the left part of Table 2. Relative chang-
es of mean characteristics (rts,,) for the RCM-simulated rainfall
events between the control and the scenario periods for all grid
boxes across the study area are shown as boxplots in Fig. 2.
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Fig. 2. Comparison of relative changes (rts,) in the RCM-
simulated rainfall event characteristics for two scenario periods:
2020-2049 (SCEL, grey boxplots) and 2070-2099 (SCE2, coloured
boxplots). Boxplots show relative changes in mean characteristics
between the scenario periods and the control period for all grid
boxes over the study area.

For the closer scenario period SCEl the number of heavy
events per season (Ne) is approximately the same as for the
control period for most RCM simulations. Ne is in general
lower (by a maximum of two events per season) in the more
distant scenario period SCE2. The changes in the seasonal total
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Table 2. Mean heavy rainfall event characteristics (abbreviations are explained in section Methods) averaged over grid boxes in the Czech Republic in the control period (1981-2000) and their
future changes in two scenario periods SCE1 (2020-2049) and SCE2 (2070-2099). Changes are evaluated as: insignificant changes below 5% (0); small changes between 5 and 10% (+);
significant changes exceeding 10% (++); the largest significant changes exceeding 20% (+++); negative changes are denoted in the same way with sign (—).

Control period Changes in SCE1/SCE2 period

Acronym

Ne T0T D T RR | 160 E | EI60 Ne TOT T RR 160 EI60 Group
HadRM3Q3_HadCM3 10.51 [209.0 [19.5 [21.6 [1.04 |3.01 [2.01 |8.56 |0 /—— |0 /== |0 /0 0 /0 0 /0 0 /0 0 /0 - /0
HadRM3Q16_HadCM3 10.31 |231.7 [21.6 [23.2 |[1.11 |3.48 (227 |11.8 |0 /—— |0 /—— |0 /0 0 /— 0 /0 0 /0 0 /0 ++ /++
RACMO22E _rcp45 11.20 2125 |18.8 [25.9 [0.86 [3.00 [1.90 |7.96 |0 /0 0 /+ + /0 0 /0 0 /0 0 /+ + /+ ++ /++
RCA4_EC-EARTH_rcp26 11.11 |249.7 [21.7 [264 [0.95 |2.44 [2.11 |5.86 |0 /0 — /= - /— - /= 0 /0 0 /+ - /0 0 /0 @
RCA4_EC-EARTH_rcp45 11.11 |249.7 [21.7 |264 [0.95 |2.44 [2.11 |5.86 |— /- - /— 0 /0 - /0 0 /+ + /+ 0 /+ + /++
RCA4_ESM-LR_rcp45 1145 2579 [21.9 |25.0 [1.06 |2.72 [2.17 |6.65 | — /= - /- 0 /0 - /— 0 /+ + /+ 0 /0 + /++
CLM 10.84 2089 [19.2 [22.8 [1.06 [3.91 [2.09 |13.6 |0 /—— |+ /0 + /+++ | 0 /0 + [+++ |+ [+++ |+ [+++ | ++ [+++
HadRM3Q0_HadCM3 11.33 | 2783 [23.9 |[23.2 [1.28 |4.20 [2.62 | 169 |— /== |- /0 0 /++ |0 /0 0 /+ + /++ |0 [++ |+t |
H5_ECHAMS 11.11 [224.7 119.0 [20.5 |1.13 |291 [1.92 |6.54 |0 /0 + [+ |+ /+++ |0 /0 + [+ |+ [+ |+ [+ || A
RACMO2_ECHAMS 9.42 191.0 |120.2 [26.6 [091 |2.81 |2.02 [7.69 |0 /—— | ++ /+ ++ [+++ |0 /0 ++ [+ |+ A+ |+ A+ | | A
RACMO2_MIROC 9.67 217.8 [22.4 |[31.1 [0.85 |2.74 [2.24 |8.63 |0 /0 0 /++ |0 /++ | — /0 ++ [+++ | ++ /+++ |0 [+++ |+ |
RACMO22E_rcp85 11.20 |[212.5 |18.8 [25.9 [0.86 [3.00 [1.90 |7.96 |0 /0 + /++ |0 /++ |0 /0 0 M+ |+ A+ |+ [+t | ++ /+++
RCA4_CMS5A-MR_rcp85 11.14 {2194 [19.2 [22.7 [1.02 |2.53 [1.89 |5.46 |0 /— 0 /0 + M+ |+ /0 0 [++ |+ [++ |+ [++ |+t [+++
RCA4_CNRM-CMS5_rcp45 12.38 [289.2 |22.5 [25.0 [1.07 [2.77 [2.23 694 |0 /0 + /++ |+ /+ 0 /0 + /+ + M+ |+ [+ |+ | /A (D)
RCA4_CNRM-CMS5_rcp85 12.38 [289.2 [22.5 [25.0 [1.07 [2.77 [2.23 |6.94 |0 /0 + [+++ |+ /++ |+ /0 0 /++ |+ [+++ | ++ [+++ | ++ [+++
RCA4_ESM2M_rcp45 12.08 [275.6 |22.2 [26.1 [0.99 [2.53 [2.17 |6.25 |0 /= + /0 ++ /+ 0 /0 ++ [+ |+t [+ |+ /+ +++ | A+t
RCA4_ESM2M_rcp85 12.08 |275.6 [22.2 [26.1 [0.99 [2.53 [2.17 |6.25 |— /- 0 /0 ++ /++ |0 /0 + [+++ | ++ [+ |+ [+ |t | A
RCA4_HadGEM2-ES rcp45 | 9.93 1733 |16.8 [21.6 |0.93 [235 |1.62 |435 |0 /0 ++ [+ |+ /[+++ |0 /0 ++ [+ |+ [+ |+ [+ || A
RCA4_MIROCS_rcp85 10.11 [221.2 |21.2 [23.0 [1.11 |2.83 |2.11 [6.67 |0 /0 ++ [+ |+t [+ |+ /0 ++ [+ |+ [+ | | A | | A
RCA4_NorESMI-M_rcp45 11.76 |233.8 [19.2 [21.9 [1.03 [2.57 [1.89 |541 |0 /0 0 /+ + /++ |+ /0 0 ++ |+ ++ |+ [++ | ++ [+++
RCA4 NorESM1-M_rcp85 11.76 [233.8 |19.2 [219 |[1.03 [2.57 [1.89 |541 |0 /= 0 /+ 0 /++ |0 /0 + [+ |+ [+ |+ [+t | ++ [+++
H5_ARPEGE 7.61 132.7 [16.9 [ 174 [1.19 [2.83 [1.70 |5.67 |0 [—— | ++ /0 ++ /++ |+ /+ 0 /+ + [+ |+t [++ |+t |
H5_BCM 12.70 [246.6 |18.5 [20.5 |1.08 |2.51 [1.83 |5.27 |0 /0 ++ [+ ++ [ |+ [+ 0 /0 + [ |+ [ || A
RCA4_CMS5A-MR_rcp45 11.14 2194 [19.2 [22.7 [1.02 [2.53 [1.89 |5.46 |0 /0 + /+ ++ /++ |+ /0 0 /+ + [+ |+ [+t |t | At ©
RCA4_MIROCS_rcp45 10.11 [221.2 |21.2 [23.0 |1.11 |2.83 [2.11 |6.67 |0 /0 R A i [+ |+ [+ + [ |+ [ || A || A
RCA4_CanESM2 rcp4s 10.65 |221.5 [20.0 [23.9 [1.01 [2.63 [1.97 |6.01 |0 /0 0 /0 0 /0 0 /= + /+ 0 [+ |+ /0 + /++
RCA4_CanESM2_rcp85 10.65 |221.5 [20.0 [23.9 [1.01 [2.63 [1.97 |6.01 |0 /—— |+ /—— |0 /0 0 /= |+ ++ |+ /++ |0 /0 + /++
RCA4_EC-EARTH_rcp85 11.11 [249.7 |21.7 [264 [0.95 [2.44 [2.11 |5.86 |0 /—— 10 /—— 10 /0 0 /—— 10 M+ |+ /++ |0 /0 + /+++ | (d)
RCA4_ESM-LR_rcp85 11.45 2579 [21.9 [25.0 [1.06 [2.72 [2.17 |6.65 |0 /- 0 /0 0 /0 0 /— 0 [+ |+ M+ |+ /+ ++ /+++
RCA4_HadGEM2-ES rcp85 | 9.93 1733 |16.8 [21.6 |0.93 [2.35 |1.62 |435 |0 /= + [ |+ [+ |0 [—— | ++ [+ |+ [+ |+ [+ || A
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due to heavy events (70T) are much more variable across the
RCM simulations. While the simulated changes in TOT are
larger than +10% only for 6 RCM simulations in the SCE1
period, in the SCE2 period the changes vary from a 20% de-
crease to a 19% increase (corresponding to a change ranging
from —40 to +54 mm).

Four groups can be identified according to changes in grid
box average rainfall event depth (D), duration (7), maximum
60-min intensity (/60) and event rainfall energy (E) as follows:

a) RCM simulations with only small changes (below
10%) in all characteristics and scenario periods;

b)  RCM simulations with increasing D, /60, E and only
small change (below 10%) in T;

c) RCM simulations with increasing D, 160, E and pre-
vailing increase also in event duration (7);

d) RCM simulations with increasing /60 combined with

decreasing 7. The changes in D and E are small for most of

these RCM simulations, except for RCA4_HadGEM2-

ES_rcp85 with a significant increase in D and E.

A complete overview of changes of the considered event

characteristics in the RCM simulations is given in Table 2.

Quantile changes

Projected quantile changes (rts,) between the control and
two scenario periods are shown in Fig. 3. The changes are in
general small (<10%) for most of the RCM simulations and
quantiles in the SCE1 period, while there is a slight increase for
the SCE2 period for all event characteristics except the event
duration (7), which is getting shorter.

In general, the increase is larger for larger values of D, RR,
160, E and EI60, while the event duration (7) remains on aver-
age the same for long events and decreases for the shortest
heavy rainfall events.

Histogram changes

Histogram changes (rts;) between the control and scenario
periods are similar for both scenario periods. In the SCE2 peri-
od (Fig. 4) the changes are slightly higher only for some char-
acteristics. In general the number of heavy rainfall events with
low D, RR, 160, E, EI60 and high T is projected to decrease in
most of the RCM simulations. The number of events with low-
est depths (D < 13 mm) and energies (E < 1 MJ-ha") clearly
decreases, with the projected number of events in SCE2 being
over 5 times smaller than that for the control period in several
RCM simulations. Notable is also an increase in the number of
rainfall events with moderate RR (2—4 mm-h™") and 160 (4—10
mm-h™).

Dependence on radiative forcing and projected temperature
changes

For all emission (SRES A1B) and concentration (RCP) sce-
narios considered in this paper the estimated radiative forcing
(RFO) increases in the scenario periods. The increases are
generally larger in the more distant (SCE2) period (exception is
only the RCP2.6 scenario). The largest increases in the radia-
tive forcing are estimated for the A1B and RCP8.5 scenarios in
the SCE2 period as shown in Fig. 5. All RCM simulations
indicate also increasing temperature (72M/) with larger increas-
es in the SCE2 period (on average ~ 3.2 °C).

Most of the rainfall event characteristics in the ensemble of
the RCM simulations depend on radiative forcing (RFO) and
temperature (72M) in a relatively similar way as demonstrated

SCET1 SCE2

1.2
1.1 4
1.0 —
0.9 -
0.8 -
1.4
1.3
) ; Group of
1.2 A== RCM simulations
: mmm HadRM3
— 1.0 ==
I_'l. s HIRHAM5
ﬂ /
1.6 - y/ RACMO2
/‘
== RACMO22E
>
o
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1.4 -
1.3 - a
12 -
1.1 4
1.0
0.9 -
2.5 | |
2.0 - /Hm
p—"—1

T T T T T T

0.250.50 0.75 0.250.50 0.75
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Fig. 3. Comparison of quantile changes (v#s,) in the RCM-
simulated rainfall event characteristics for two scenario periods:
2020-2049 (SCE1) and 2070-2099 (SCE2). Thin lines represent
the average from all grid boxes over the study area for each RCM
simulation, bold black lines show ensemble average.

in Figs. 5 and 6. Slight differences occur for event depths (D),
which do not show any significant dependence on 72M, but
slightly increase with RFO (statistically significant with p-value
< 0.05). On the other hand, event duration (7) appears to be
independent on RFO, but a decrease of T with increasing T2M
is statistically significant (p-value < 0.01). An increase in mean
rainfall rate (RR) and maximum 60-min rainfall intensity during
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D T RR 160 E EI60

Group of
RCM simulations

CLM
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== RACMO2
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Bin of values

Fig. 4. Histogram changes (rtsy) in the RCM-simulated rainfall event characteristics between the control period and scenario period SCE2
(2070-2099). Frequencies of bins in RCM simulations are averaged per one year and grid box over the study area.
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an event (/60) as well as a decrease in the number of heavy
rainfall events per season (Ne) are significant with increasing
RFO and T2M (p-value < 0.01). Ensemble averaged RR and 760
increase at a rate of 6.5% and 9.1% per 1 °C, respectively.
Characteristics of extreme rainfall events (with non-
exceedance probability p = 0.95) in general show the same
dependence on RFO and T2M as mean characteristics. Only
RFO influence is slightly stronger compared to mean character-
istics (slope coefficient £ is only slightly larger; not shown).

DISCUSSION

Projected changes in characteristics of heavy rainfall events
in an ensemble of 30 RCM simulations were assessed for two
scenario periods (2020-2049 and 2070-2099) against the con-
trol period (1981-2000). The RCM-simulated heavy rainfall
events were identified considering 6-hour minimum inter-event
time (MIT), 0.1 mm wet-hour threshold and top 15% rainfall
events with the largest event depth for each RCM simulation.

Relative changes of the characteristics for RCM-simulated
rainfall events are larger for the more distant scenario period
(SCE2: 2070-2099). The number of heavy rainfall events is in
general lower in the scenario periods (by a maximum of two
events per season, i.e. 19%). Changes in the seasonal total due
to heavy events vary from —20% to +19%.

According to the changes in mean characteristics of rainfall
events for the scenario periods we identified 4 groups of RCM
simulations. Large part of the RCM simulations (15 out of 30)
were identified as simulations with increasing rainfall event
depths (D), maximum 60-min rainfall intensities (/60), event
rainfall energies (F) and with relatively unchanged rainfall
event durations (7) through control and scenario periods. Con-
siderable part of these RCM simulations shows larger than 20%
increases in /60 and E and at least 10% increase in event depths
(D) in the SCE2 period. As a consequence mean rainfall rate
(RR) and rainfall erosivity index (EI60) increase as well. Six
RCM simulations have only small changes in the considered
characteristics (below 10%) and the 9 remaining RCM simula-
tions project varied changes in event durations (7) combined
with increases in 760 (4 with increasing 7 and 5 with decreasing
T). For comparison, Jacob et al. (2014) found statistically sig-
nificant increases in total precipitation in large parts of Central
Europe for the late 21% century from an ensemble of RCM
simulations evaluated at the daily time scale (from the EURO-
CORDEX and ENSEMBLES projects). For the Czech Repub-
lic, an increase in heavy summer precipitation up to 25% was
reported. This increase was in general more pronounced in
RCM simulations forced by RCP8.5 compared to SRES A1B
and RCP4.5 scenarios (Jacob et al., 2014). From our analysis
(which differs by considering the sub-daily time scale and
individual rainfall events), changes in event depths (D) as well
as seasonal totals due to heavy rainfall events are smaller and in
general not significantly different between the simulations
forced by RCP8.5 and RCP4.5. However, the simulation with
the highest spatial resolution RACMO22E (12.5 km) shows
clearly larger increases in D for RCP8.5 when compared to
RCP4.5. The situation is different for mean rainfall rates (RR)
and maximum 60-min rainfall intensities (/60), since all RCM
simulations forced by RCP8.5 yield larger increases compared
to the RCP4.5 forced simulations.

The RCM simulations show slightly larger increases for
larger (more extreme) values of rainfall event characteristics
except for event duration (7). The increases are most significant
for the largest rainfall rates (RR) and event rainfall erosivity

indices (E760). Shortest event durations (7) slightly decrease in
the SCE2 period. Although T is rather unchanged in the RCM
simulations on average (and especially in the SCE1 period:
2020-2049), our findings are in general consistent with trends
in erosive rainfall events found by Hanel et al. (2016) for the
recent decades (increasing trends in rainfall rate and decreasing
trends in event duration). Many other studies for western,
northern and central Europe show increases in extreme precipi-
tation intensities at daily (Frei et al., 2006; Hanel and Buishand,
2012; Hlavcova et al., 2015; Kysely and Beranova, 2009;
Kysely et al., 2011) and sub-daily time scales (Arnbjerg-
Nielsen, 2012; Hanel and Buishand, 2010). Jacob et al. (2014)
concluded that at the daily scale, RCM simulations reduce weak
precipitation intensities and project increases in moderate and
high intensities for 2071-2100. This is consistent with an in-
crease in RR and /60 and a decrease in the number of heavy
rainfall events with low RR and /60 reported in our study. The
intensification of hourly rainfall was also reported by Kendon
et al. (2014) for the UK considering a convection-permitting
model. On the other hand, the assessment of simulations at
convection-permitting resolutions for Germany (Knote et al.,
2010) and Western U.S. (Pan et al., 2011) revealed decrease in
annual and summer hourly precipitation extremes, respectively.

Larger radiative forcing (RFO) and increasing temperature
(T2M) in scenario periods (Houghton et al., 2001; Moss et al.,
2010) are linked to characteristics of heavy rainfall events in
the RCM simulations. The number of heavy rainfall events
slightly decreases with larger RFO and T2M. While the effect is
in general small for event depth (D; increase with larger radia-
tive forcing) and duration (7 decrease with higher tempera-
ture), characteristics related to rainfall intensity show large
significant increases with RFO and higher 72M. The estimated
change in rainfall rate (RR), i.e. 6.5% per °C corresponds well
with the expectation from the Clausius-Clapeyron relation (=
7%, see e.g. Lenderink and van Meijgaard, 2008). Although the
increase in /60 estimated in our study (9.1% per °C) is almost
the same as that mentioned by Hanel and Buishand (2010) and
also lies within the range reported by Lenderink and van
Meijgaard (2008) for RCM-simulated data, much larger in-
creases per °C were already reported for climate model simula-
tions as well as for observed data, especially for convective
rainfall events (e.g. Berg et al.,, 2013; Westra et al., 2014,
Molnar et al., 2015). Note that in contrast to standard studies
on precipitation-temperature scaling, where a fraction of largest
(hourly) precipitation intensities is considered, here we analyse
maximum hourly intensities within events selected on the basis
of total event depth. This may lead to a situation when also less
extreme /60 are considered, which can partly explain relatively
small increase in /60 with temperature. In addition, given the
dependence of the increase in /60 on the exceedance probability
(see Fig. 3) the scaling rate would be larger for more extreme
160 than for the average /60. Finally, the increase may also be
at least partly limited by available water vapour content.

Kendon et al. (2014) have shown that the changes derived
from models allowing for convection might be considerably
different than those from coarser resolution RCMs. Several
other studies have also demonstrated a better skill of convec-
tion-permitting models in reproducing sub-daily precipitation
characteristics, including the diurnal cycle and extremes (which
are both closely linked to convection). Therefore, the projected
changes in precipitation at short temporal scales from current
RCMs have to be interpreted with caution.

The reported changes are averaged over the studied area.
However, considerable spatial variability of changes can be
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observed for each RCM simulation and characteristics. This
spatial variability may be partly explained by altitude for
changes in the number of heavy rainfall events (the decrease in
the number of events is in general larger at high altitudes) and
seasonal total due to heavy events (the decrease is larger or the
increase is smaller at high altitudes).

SUMMARY

The paper presents a contribution towards the currently lim-
ited knowledge on possible future changes in sub-daily precipi-
tation extremes that are of great importance also for hydrologi-
cal modelling and other applications. We analysed a large en-
semble of 21* century RCM projections with a focus on heavy
rainfall event characteristics. The main findings can be summa-
rized as follows:

- For most of the RCM simulations the event depths
(D), maximum 60-min rainfall intensities (/60) and event rain-
fall energies (E) are projected to increase, while the event dura-
tions (7) remain in general constant. More than one-third of all
RCM simulations show increases exceeding 20% in /60 and E
and at least 10% in D.

- The changes are in general larger for larger values of
rainfall event characteristics.

- Changes of rainfall event characteristics can to some
extent be related to the changes in mean temperature and radia-
tive forcing. Only changes in the number of heavy rainfall
events and seasonal total due to heavy events depend signifi-
cantly on altitude.

- The changes of calculated gradients of event rainfall
rates (RR) per °C are generally consistent with the value ex-
pected from the Clausius-Clapeyron relation, except /60 for
which they are slightly larger.

The size of the analysed ensemble together with the focus on
a wide range of event characteristics make our study rather
unique in the context of climate change studies of sub-daily
precipitation characteristics. Due to deficiencies in the convec-
tion parameterizations used in the current RCMs, however, the
projected changes have to be interpreted with caution.
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