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ABSTRAKT

Cilem této prace bylo (i) vyhodnotit dlouhodobé zmény ve vydatnostech pramenti v Ceské
republice (1971-2007) a v odtocich z malych lesnich povodi sit¢ GEOMON (1994-2011), (ii)
vyhodnotit vliv zmény klimatu na chemismus povrchovych vod v povodi citlivém na kyselou
atmosférickou depozici (Lysina); a (iii) odhadnout dopady ocekavané zmény klimatu na
hydrologicky rezim malych lesnich povodi (GEOMON) a alpinského pramenného povodi
(Skalnaté pleso) podle rtiznych emisnich scénait CO, v obdobi 2021-2050 a 2071-2100.

Statisticky vyznamné poklesy prumérnych ro¢nich vydatnosti byly pozorovany u 18 %
pramend, zatimco rostouci vydatnosti v méné nez 0,5 % z celkovych 157 testovanych objektt.
V piipadé hodnoceni trendti v hydrogeologickych oblastech se vyznamny klesajici trend projevil
ve 4 z 18 oblasti. Mezi tyto oblasti pattily rajony v sedimentech paleogénu a ktidy Karpatské
soustavy V jihovychodni a severovychodni ¢asti Ceské republiky, rajony v terciérnich a kiidovych
sedimentech panvi na jihovychod¢ a krystalinika, proterozoika a paleozoika v centralni Casti
Ceské republiky. Vydatnosti pramenti klesaly nejéastéji v letnich mésicich erven — srpen
(v priméru 0 24 %) a nejméné v obdobi unor az duben (v priméru o 15 %) (Clanek 1).

Napfi¢ povodimi sit¢ GEOMON nedochéazi ke statisticky vyznamnym poklesim nebo
nartstim pritokd v nékterém mésici nebo roénim obdobi 1994-2011 (Clanek VI).

Ocekavané dopady zmény klimatu na chemismus povrchovych vod povodi Lysina budou
zanedbatelné v porovnani s vlivem kyselé atmosférické depozice. Budouci koncentrace SO,
v povrchovych vodach zlstane v pfipadé minimalnich nebo zadnych zmén v rocnim odtoku
ptiblizng na sou¢asné hlading 90 peq L™ (2008-2009) nebo by vzrostla 0 10-30 % v dasledku
odhadovaného poklesu odtoku. Stejné zmény lze ocekavat i Vv ptipadé koncentrace bazickych
kationttl, kde mé&fena hodnota dosahovala 160 peq L™ (2008-2009). Vliv zmény klimatu na pH se
oc¢ekava maly a vedl by k opétovnému mirnému okyseleni povrchovych vod v porovnani se
soucasnym pH 4,2 (2008-2009) (Clanek 1V).

Predpokladand zmeéna klimatu vyznamné ovlivni hydrologicky rezim malych pramennych
povodi v obdobich 2021-2050 a 2071-2100. U ro¢niho odtoku Ize vétSinou ocekéavat pokles
vV obou obdobich. Modelové piedpovédi predpokladaji, ze zimni odtok vzroste, dojde k posunu
jarnich maxim odtoku blize k zim¢ a letni a podzimni odtoky citelné poklesnou. Modelované
poklesy v primérnych dennich odtocich ukazuji, ze sledované toky by mohly pravidelné na kratsi
obdobi vysychat, a to zejména v ptipadé povodi v nizSich nadmotskych vyskach. Podobnou
situaci lze oCekavat i v ptipadé alpinskych povodi s mélkymi jezery a malou plochou povodi, kde

by mohlo dochazet ke zm&né& nékterych jezer z trvalych na periodicka (Clanky 11, 111, V, V1).



ABSTRACT

The aims of this theses were (i) to evaluate trends in spring yields in the Czech Republic
(period 1971-2007) and trends in runoff from small forested catchments of the GEOMON
network during the period 1994-2011, (ii) evaluate the impact of climate change on streamwater
chemistry in acid-sensitive catchment (Lysina), and (iii) estimate the impact of anticipated climate
change projected according to different CO, emission scenarios on flow patterns forested
(GEOMON) and alpine headwater (Skalnaté Lake) catchments in the periods 2021-2050 and
2071-2100.

Significant negative trends on the annual level were observed at 18% of springs while positive
trends at only less than 0.5% of 157 tested objects and 4 of 18 regions revealed significant
decreasing trend. To these regions belonged the zones of Carpathian Cretaceous and Paleogene
sediments in the southeast and northeast of the Czech Republic, the zones of tertiary and
Cretaceous basins in the southeast and Proterozoic and Paleozoic crystalline rocks in the central
part of the Czech Republic. Most spring yields were decreasing within the summer months June—
August (on average 24%) and least between February and April (on average 15%) (Paper I).

There were no general patterns found indicating either significant increases or decreases in
runoff on either seasonal or annual levels across the investigated GEOMON network catchments
from 1994-2011 (Paper V1).

The climate change influence on streamwater chemistry would be small compared to the
influence of atmospheric acid deposition. Future streamwater SO,* concentration would maintain
at the current level of approximately 90 peq L™ (2008-2009) in case of minimum or no change in
runoff, or would increase by 10-30% as a result of projected runoff decrease. The runoff change
would increase the concentration of base cations a similar magnitude compared to measured
160 peq L™ (2008-2009). The effect of climate change on pH would be small and would lead to
slight re-acidification of streamwater compared to the measured value 4.2 (2008-2009) (Paper
V).

Projected climate change will significantly affect hydrological pattern in the periods 2021—
—2050 and 2071-2100. The annual runoff is mainly projected to decrease for both periods. Winter
runoff is expected to increase, the spring runoff maxima will shift toward the winter months, and
runoff in summer and autumn will decrease notably. The projected declines in mean daily flows
indicate that studied streams might regularly dry up for short periods in the summer and autumn
especially in catchments with low elevation. A similar situation can be expected for alpine
catchments with shallow lakes with small drainage area, where future climate conditions could
cause a change in their status from permanent to temporary lakes (Papers I, 111, V, VI).
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Uvob

Odhad budouciho vyvoje klimatu a jeho potencialni vliv na hydrologicky rezim ptedstavuje
dulezité téma pro vyzkum, nebot’ dostupnost vody je klicova jak pro lidskou spolecnost, tak pro
ekosystémy (Prudhomme and Davies, 2009).

Mnoho soucasnych praci se zaméfovalo na vyhodnoceni zmén v odtocich v jednotlivych
statech, napiiklad ve Francii (Renard et al., 2008), Svycarsku (Schmocker-Fackel and Naef,
2010), Ceské republice (Fiala et al., 2010) nebo na Slovensku (Demeterova and Skoda, 2009).
Nekteré studie se zabyvaly i zménami odtok v Evropé (napf. Stahl et al., 2010; Villarini et al.,
2011). Dalsi prace se soustfedily i na vyhodnoceni zmén v podzemnich vodach na tzemi
jednotlivych statt naptiklad na Slovensku (Majercakova et al., 1997) a ve Finsku (Hyvarinen,
2003). Nicmén¢ vyse uvedené studie pouzivaly pritoky z vétSich fek nebo hladiny podzemnich
vod a pramennym oblastem a vydatnostem pramenti byla vénovana jen mala pozornost.

Pramenné povodi jsou velmi dilezitd z ekologického pohledu, zejména v ptipadé odlehlych
alpinskych povodi (Beniston, 2006), mimoto jsou rovnéz povazovana za oblasti obzvlasté citlivé
vici zménam klimatu (Haigh et al., 2000). Mala povodi o velikosti desitek az stovek hektard
predstavuji idedlni vyzkumné plochy pro hodnoceni hydrologické a hydrochemické bilance,
protoze je V nich snazsi méfit vstupy a vystupy v porovnani s vét§imi povodimi (Fottova, 2003).

Vysledky hydrologickych studii modelujicich vliv zmény klimatu na evropska povodi ukazuji
podobny charakter zmén odtokového rezimu Vv ro¢nich obdobich, a to pokles letniho a nartst
zimniho odtoku (e.g. Fowler and Kilsby, 2007; Graham et al., 2007; Driessen et al., 2010;
Hurkmans et al., 2010; Hanel et al., 2012).

Hanel et al. (2012) ocekavaji pokles v jarnim a letnim odtoku na vét§in¢ z 250 sledovanych
geskych povodi. Déle predpokladaji nartist zimniho odtoku v severovychodni &asti Ceské
republiky podle vétSiny scénait, zejména v piipadé povodi s vyssi nadmoiskou vyskou. Simulace
pro sub-povodi feky Malse (437 km?) v jihovychodni ¢asti CR ukazaly nejvyznamngj§i zménu
(pokles) v hydrologickém rezimu na jafe, avSak zmény v zimnich odtocich byly jen nepatrné,
pfipadné vykazovaly mirny pokles (Némeckova et al.,, 2011). Statisticky vyznamny posun
ovliviwjici tani snéhu, byl publikovan v riznych pracich (napf. Shabalova et al., 2003; Horton et
al., 2006).

CIiLE

Piedlozena disertaéni prace je zaméfena na zodpovézeni nasledujicich obecnych otazek: (i)
jsme schopni nalézt znamky vlivu klimatické zmény v soucasnych hydrologickych datech z
prament a malych pramennych povodi a (ii) jaké budou dopady odhadované zmény klimatu na
vodni bilanci a chemismus povrchovych vod v budoucnosti?

Hlavni cile prace byly:

e Vyhodnotit trendy ve vydatnostech pramenti a plo$né trendy v hydrogeologickych
oblastech v Ceské republice v obdobi 1971-2007



e Vyhodnotit trendy v odtocich z malych lesnich povodi sit¢ GEOMON v obdobi 1994—
2011

e Biogeochemické modelovani budoucich zmén v chemismu povrchovych vod v povodi
citlivém na kyselou atmosférickou depozici dle riaznych scénari klimatu

e Hydrologické modelovani dopadt budouciho klimatu na odtokovy reZzim lesnich
a alpinskych povodi v obdobi 2021-2050 a 2071-2100

MATERIAL A METODIKA

Vramci prace byly zkoumany tfi typy lokalit: vybdr pramend ze sit¢ Ceského
hydrometeorologického ustavu (CHMU, pro vyhodnoceni trendd v sou¢asnych vydatnostech
pramentl); Skalnaté pleso ve Vysokych Tatrach (pro hodnoceni budouciho hydrologického rezimu
Vv alpinském povodi); a sit’ povodi GEOMON (pro urceni trendl v soucasnych odtocich a budouci
hydrologicky rezim v malych lesnich povodich).

Hydrologicka data zahrnovala vydatnosti pramenii méfené manudlné jednou tydné
kalibrovanou nadobou na pielivu. Odtok ze Skalnatého plesa byl vypocitan z bilan¢ni rovnice
jako rozdil mezi srazkami a evapotranspiraci. V pfipadé povodi sit¢ GEOMON byly prutoky
stanoveny z kontinualnich méfeni vySek hladin na ptelivu (vétSinou konstruovaného jako
trojuhelnikovy) umisténého v uzavérovém profilu povodi.

Meteorologicka data byla pouzita ze standardnich meteorologickych stanic provozovanych
CHMU, Geofyzikalnim ustavem  (Slovenskd akademie v&d) nebo  Slovenskym
Hydrometeorologickym tustavem (s vyjimkou povodi Litavka vybaveného meteorologickou
stanici). Stanice se nachazely v blizkosti jednotlivych povodi. Teplotni data byla upravena na
zaklad€ mistnich teplotnich gradientli pro minimalni a maximalni teplotu, tak aby odpovidala
prumérné nadmoiské vysce povodi.

Denni srazky z CHMU byly opraveny v piipadé vyznamného rozdilu mezi nadmoiskou
vyskou stanice a povodi pomoci faktoru spocitaného jako podil dlouhodobych méfenych srazek
na klimatické stanici a ve srazZkomeérech na volné plose na povodich.

Dlouhodobé zmény v mési¢nich medianech vydatnosti pramentt byly stanoveny metodou
vychazejici z Mann-Kendallova testu (,,trend-free pre-whitening” — Mann-Kendall, TFPW-MK,
Yue et al., 2002). Statisticky vyznamné poklesy ¢i nartsty v hydrogeologickych oblastech byly
urCeny upravenou metodou na stanoveni regionalnich trendd poprvé navrzenou Douglasem et al.
(2000) a pozdgji upravenou Yuem and Wangem (2002). TFPW-MK metoda byla pouzita rovnéz
pro stanoveni trendd v mési¢nich méfenych odtocich z povodi sit¢ GEOMON.

Ve ¢lancich 11, 11, 1V, V byly pouzity datové soubory s rozlisenim ¢tvercu 0.44° (~50 km)
pro referenéni obdobi 1961-1990 a obdobi scénaii 2071-2100 z projektu PRUDENCE
(,,Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks
and Effects” — Pfedpovéd’ regionalnich scénaiti a nejistot pti definovani rizik a dopada klimatické

zmény v Evropé, http://prudence.dmi.dk). Tyto budouci klimatické scénafe vychazely z IPCC
(,,Intergovernmental Panel on Climate Change* — Mezivladni panel pro klimatickou zménu) A2


http://prudence.dmi.dk/

a B2 SRES (,,Special Report on Emissions Scenarios® — Zvlastni zprava o emisnich scénafich)
emisnich scénaid antropogenniho CO, (Nakicenovic and Swart, 2000).

V predlozenych studiich byly pouzity tfi regionalni klimatické modely (RCM) a dva fidici
globalni klimatické modely (GCM). Regionalni klimaticky model RCAO (Réisénen et al., 2003)
vyuzil okrajovych podminek ze dvou GCM: HadAM3H a ECHAM4/OPYC3, kazdy b¢ch
S emisnimi scénaii A2 a B2 (Clanky I, 111, 1V, V). V ¢lanku V byly navic pouzity dalsi dva
regionalni klimatické modely CHRM (Vidale et al., 2003) s emisnim scénafem A2 a HIRHAM
(Hanssen-Bauer et al., 2003) s emisnimi scénaii A2 a B2.

Pro clanek VI byla pouzita data s rozliSenim c¢tverclh ~10 km z regionalniho klimatického
modelu ALADIN-Climate/CZ (Farda et al., 2010) fizeného globalnim klimatickym modelem
ARPEGE-Climate vyuzivajicim IPCC SRES A1B emisni scénaf pro obdobi 2021-2050 a 2071—
2100.

Simulovana klimaticka data z RCM pro referen¢ni obdobi (1961-1990) se vyznamné
odliSovala od méfenych dat a proto byla pro ic¢ely modelovani upravena. Ve ¢lancich I, 111, IV a
V byl pouzit postup vychazejici z metody opravujici odchylky — ,,bias correction* (napt. Fowler
and Kilsby, 2007). V ¢lanku VI byly vystupy z modelu opraveny podle pozorovanych dat
statistickou percentilovou metodou navrzenou Déquém (2007).

Pro stanoveni budouciho hydrologického rezimu byl pouzit model Brook90 (Federer et al.,
2003). Biogeochemické cykly na povodi Lysina byly modelovany modelem MAGIC (Cosby et
al., 2001).

VYSLEDKY A DISKUZE

PredlozZena prace zahrnuje Sest ¢lankd. V ¢lancich | a VI jsou diskutovany zmény v métenych
vydatnostech pramenii v hydrogeologickych oblastech a v odtocich z pramennych povodi. Clanek
Il je zaméfeny na vliv oéekavané klimatické zmény na vodni bilanci alpinského povodi. Clanky
11, Va VI se vénovaly vlivu ocekavané klimatické zmény na hydrologicky rezim v malych
lesnich pramennych povodich. Clanek 1V se zabyval vlivem klimatické zmény na biochemické

cykly na acidifikovaném povodi Lysina.

Clanek | byl zamé&feny na vyuziti prostorového hodnoceni trendti v podzemnich vodach. Pro
tyto ucely byla upravena metoda vychdzejici z Mann-Kendallova testu (,,Trend-free pre-
whitening*). Vyhodnoceni bylo provedeno zvlast’ pro roky, ro¢ni obdobi a mésice. Tato metoda
byla pouzita pro stanoveni dlouhodobych zmén ve vydatnostech pramenti v jednotlivych
hydrogeologickych oblastech v Ceské republice b&hem obdobi 1971-2007. Trendy ve
vydatnostech byly vyhodnoceny u 157 prament a v 18 oblastech. Statisticky vyznamné klesajici
primérné rocni vydatnosti se vyskytly u 18 % pramend, zatimco rostouci vydatnosti jen v mén¢
nez 0,5 %. V ptipadé¢ plosnych trendli se statisticky vyznamné poklesy primérnych roc¢nich
vydatnosti projevily ve 4 z 18 hodnocenych oblasti.

Cilem clanku Il bylo vyhodnoceni dopadt globalni klimatické zmény na mnozstvi a rocni
pribéh odtokd v malém alpinském povodi (Skalnaté pleso, Vysoké Tatry, Slovensko). Podle

modelll bude ocekavany nariist primérné rocni teploty o 2,5 az 5,9 °C. Citelnd zména se
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predpokladd zejména v zimnim obdobi a to predev$im narist primérné teploty nad bod mrazu
v nekterych mésicich. Pokles budoucich ro¢nich thrnti srazek se pohybuje v rozmezi 1-14%
S vyznamnou zménou v sezonnim rozdéleni srazek. Odhadovany narist evapotranspirace je o 17—
—32 %. Ptedpokladany pokles odtokd je o 12 az 35 % s maximem V letnich mésicich, kdy by
mohlo dochézet k poklesu odtokt az 0 90 %. V zimnim obdobi se naopak ocekava nartst odtokt
atoazo 50 %.

Clanek 11l se vénoval zménam v odtokovém rezimu vlivem klimatické zmény na dvou
pramennych povodich Lysiné a Cerviku. Dalgi povodi — Litavka bylo v této studii pouZito jako
priklad povodi velmi citlivého na zmény v sezonnim rozlozeni srazek a narast teploty. Pokles
ro¢niho odtoku je odhadovany o 11-28 % (LYS), ptipadné 2-23 % (CER). Ocekava se vyznamny
vliv na rozdéleni odtokl v priitbéhu roku, pokles az 0 94 % (LYS), 97 % (CER) v 1ét€ a na podzim
a nartst odtoki az o0~69 % (LYS), ~176 % (CER) v porovnani s prumérnymi odtoky
Vv referenénim obdobi 1967-1990 (LYS) a 1961-1990 (CER). S o¢ekavanym nartstem teploty
a zménou v sezénni distribuci srazek bylo odhadnuto, Ze dalsi malad povodi v Ceské republice by
se mohla stat vyrazné citliva vii¢i obdobim sucha, stejné jako je to mozné pozorovat v soucasnosti
Vv piipad¢ povodi Litavka.

Cilem c¢lanku 1V bylo odhadnout budouci vodni bilanci a zmény v chemismu povrchovych vod
podle scénariu klimatické zmény v povodi citlivém na kyselou atmosférickou depozici, které bylo
silng ovlivnéno antropogenni acidifikaci ve dvacatém stoleti. Budouci koncentrace SO4*
v povrchovych vodach ziistanou piiblizné na stejné trovni jako je dnes a to 90 peq L™ (2008
—2009) pokud nedojde k vyraznym zménam v odtoku, anebo by vzrostly o 10-30 % jako disledek
poklesu odtoku. Zmény v odtoku rovnéz zpusobily narust koncentrace bazickych kationta
Vv porovnani se soudasnou méfenou koncentraci 160 peq L™ (2008-2009). Dle pouzitych scénata
se ocekava pouze maly vliv zmény klimatu na pH, ten by se projevil opétovnym mirnym
okyselenim v porovnani s méfenou hodnotou pH 4,2 (2008-2009). Vliv klimatické zmény na
chemismus povrchovych vod bude zanedbatelny v porovnani s vlivem kyselé¢ atmosférické
depozice. Ekologicky stav sledovaného toku ziistane pravdépodobné nadéale neuspokojivy az do
sedmdesatych let 21. stoleti, dominantni vliv na povodi bude mit kysela atmosféricka depozice
a zpusob lesniho hospodareni.

Clanek V vyhodnotil dopady ogekévané klimatické zmény na odtok a evapotranspiraci malych
lesnich povodi Lysina a Pluhtiv bor, ve Slavkovském lese v zapadni ¢asti Ceské republiky.
Odhadovany ubytek primérného ro¢niho odtoku je o 10 az 30 % s vyznamnym sezdénnim
rozlozenim mési¢nich odtokd, poklesem o 30 az 95 % v obdobi 1éto az podzim a nardstem
zimnich odtokd az o ~40 % Vv porovnani s prumérnymi odtoky v obdobi 1967-1990. Od srpna do
listopadu se ocekava snizeni primérnych dennich pratokid o ~70%. Rozdily mezi primérem,
medianem a kvartily odtokli poukazuji na to, Ze v budoucim hydrologickém rezimu budou casté
hydrologické extrémy, kdy obdobi sucha budou nasledovat vysoké pritoky.

Clanek VI se zaméfil na vyhodnoceni dlouhodobych zmén v odtocich z malych lesnich povodi
sit¢ GEOMON v pribehu obdobi 1994-2011 a odhady vlivu ofekavané klimatické zmeény na
hydrologicky rezim v obdobich 2021-2050 a 2071-2100. Budouci vodni bilance byly stanoveny
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pro nasledujicich 8 ze 14 povodi sit¢ GEOMON: LYS, PLB, LIT, LES, ANE, LKV, UDL a CER.

Napii¢ povodimi sit¢ GEOMON nedochazi ke statisticky vyznamnym poklesim nebo nardstim

pratokl v nékterém meésici nebo rocnim obdobi 1994-2011. Dle zvoleného scénare klimatického
modelu by ro¢ni odtoky poklesly v praméru o 15 % (2021-2050) a 35 % (2071-2100)

s vyraznym poklesem v letnich mésicich a mirnym nartistem v zimnim obdobi.

b)

d)

ZAVERY
Vydatnosti prament se v obdobi 1971-2007 spiSe neméni nebo klesaji, pouze nékolik
malo ¢asovych fad vykazalo vzestupny trend, ktery vSak byl zplisoben pievazné naristem
vydatnosti na jafe a v zim¢, coz mize byt disledek posunu tani snéhu do zimnich mésict.
Trendy Vv jednotlivych mésicich ukazuji, Ze vydatnosti prament nejvice klesaji v 1été
(Cerven az srpen) a nejméné klesaji mezi tnorem a dubnem tedy v obdobi roc¢niho
maxima. Zavislost statisticky vyznamnych poklesi na fyzicko-geografickych
charakteristikach (plocha, zemépisna Sitka a délka, srazky) nebo hydrogeologickych
funké&nich komplexech se nepotvrdila (Clanek 1).
Na odtokovych tadach z povodi sit¢ GEOMON se neprokazaly zmény v hydrologickém
rezimu, které by bylo mozné pfisoudit zméndm klimatu V soucasnosti. Napiic 12
sledovanymi povodimi sit¢ GEOMON nedochazi ke statisticky vyznamnym poklesim
nebo nartstim pritokd v nékterém mésici nebo roénim obdobi 19942011 (Clanek VI)
Simulace biogeochemickym modelem MAGIC ukazaly, Ze odhadované zmény klimatu
nebudou mit vyrazng€jsi vliv na chemismus povrchovych vod povodi Lysina (citlivého na
kyselou atmosférickou depozici) navzdory tomu, ze pokles ro¢niho odtoku miize dle
nékterych scéndit dosahovat az 30 % v porovnani se soucasnym stavem. Divodem je
kyselost povodi v soucasnosti, ktera je pozistatkem nedavné antropogenni acidifikace.
Ekologicky stav sledovaného toku zlstane pravdépodobné naddle neuspokojivy.
Dominantni vliv na povodi bude mit i snizena kyseld atmosféricka depozice a zptsob
lesniho hospodateni (Clanek 1V)
Odhadovany narast teploty spolu se sezonnim pierozdélenim srazek, poklesem letnich
a nartistem zimnich thrnd, vyrazné ovlivni evapotranspiraci a odtok z malych pramennych
povodi v obdobich 2021-2050 a 2071-2100. Nartst evapotranspirace nastane v disledku
vyssi teploty a prodlouzeni vegetacni sezony. Simulace ukazuji pokles ro¢niho odtoku
a vyraznou zménu hydrologického rezimu. Ocekava se, ze zimni odtok vzroste a jarni
odtokové maximum se posune smérem ke konci zimy a pritoky v 1ét€ a na podzim citelné
poklesnou. Modelovany pokles primérnych dennich pratokt ukazuje, Zze sledované toky
by mohly pravidelné na kratkd obdobi na jafe a na podzim vysychat. Obdobnou situaci lze
o¢ekavat 1 v ptipad¢ alpinskych povodi s mélkymi jezery a malou plochou, kde by mohlo
dochazet vlivem klimatické zmény ke zméné jezer z trvalych na periodicka (Clanky 11,
1, Vv, Vl).



INTRODUCTION

Assessing the future climate and its potential effect on the hydrological cycle remains an
important topic for research, since water availability affects both society and ecosystems
(Prudhomme and Davies, 2009).

Many recent regionally oriented studies have focused on changes in streamflow on the national
scale, for instance in France (Renard et al., 2008), Switzerland (Schmocker-Fackel and Naef,
2010), Czech Republic (Fiala et al., 2010) or Slovakia (Demeterova and Skoda, 2009). In
addition, some studies evaluated the streamflow changes on European scale (e.g. Stahl et al.,
2010; Villarini et al., 2011). Few studies focused also on changes in groundwater on national
scale, for instance in Slovakia (Majer¢akova et al., 1997) and Finland (Hyvarinen, 2003).

Nevertheless the above mentioned studies were using data either from larger rivers or mainly
groundwater levels and less attention was paid to headwater areas and spring yields.

Headwater catchments are highly important from ecological point of view, especially in the
case of remote alpine catchments (Beniston, 2006), besides, they are considered to be particularly
vulnerable to the climate change (Haigh et al., 2000). Small catchments with size of tens of
hectares up to several hundreds of hectares represent ideal research sites for the evaluation of
hydrological and hydrochemical balance, because it is easier to measure inputs and outputs
compared to larger areas (Fottova, 2003).

Most of the recently published studies focus on the impact of climate change on hydrologic
pattern in meso or large scale catchments (Hurkmans et al., 2010; Némeckova et al., 2011; Hanel
et al., 2012; Schneider et al., 2013; Somorowska and Pigtka, 2013). However, much less attention
was paid to the effect of climate change on hydrological pattern in small headwater catchments.

Results of hydrological impact studies focusing on European catchments showed a similar
pattern of seasonal runoff cycle represented by decreases in summer and increases in winter (e.g.
Fowler and Kilsby, 2007; Graham et al., 2007; Driessen et al., 2010; Hurkmans et al., 2010; Hanel
etal., 2012).

Hanel et al. (2012) projected a decrease in spring and summer runoff in most of the 250
investigated Czech catchments. Further they projected an increase in winter runoff in the northern
part of the Czech Republic in majority of scenarios, especially at catchments with high elevation.
Simulations for a sub-basin of the Mal$e River basin (437 km?) in the southern part of Czech
Republic showed the most significant change (decrease) in hydrological pattern in spring period
however almost no change or slight decrease in winter runoff (Némeckova et al., 2011). A
significant shift in the future spring maximum runoff to periods earlier in the year as a result of
increasing temperature affecting the snow-melt process was published in different studies (e.g.
Shabalova et al., 2003; Horton et al., 2006).

AIMS:

The presented theses is focused on addressing of following general questions: (i) can we detect
an impact of climate change in the recent hydrological data from springs or small headwater



catchments and (ii) what will be the impact of projected climate change on water balance and
stream water chemistry in the future.
The major objectives were:
e Evaluation of trends in spring yields and field significant trends in hydrogeological
regions in the Czech Republic in the period 1971-2007
e Evaluation of trends in runoff from small forested catchments of the GEOMON
network in the period 1994-2011
e Biogeochemical modelling of future stream water chemistry changes in acid-sensitive
catchment according to different climate change scenarios
e Hydrological modelling of the future climate impact on flow pattern in forested and
alpine headwater catchments in the periods 2021-2050 and 2071-2100

METHODS AND MATERIAL

Three categories of locations were investigated in the theses: a subset of spring monitoring
network from Czech Hydrometeorological Institute (CHMI, for evaluation of trends in present
spring yields data); Skalnaté pleso in the Tatra Mts. (for testing of present and future hydrological
pattern in alpine condition) and GEOMON monitoring network for identification of recent and
future changes in water balance in small forested headwater catchments.

Hydrological data included spring yields measured manually once a week with calibrated
bucket at V-notch weirs. The runoff was calculated as a difference between precipitation and
evapotranspiration for Skalnaté pleso. In the case of GEOMON catchments discharges were
continuously measured at catchment outlets by gauging stations constructed mostly as V-notch
weir equipped with water level recorder.

Meteorological data were used from standard meteorological stations operated by CHMI,
Geophysical Institute (Slovak Academy of Science) or Slovak Hydrometeorological Institute
(with the exception of the Litavka catchment equipped with a meteorological station). Stations
were located at catchments surroundings. Air temperature data were corrected based on local
minimum and maximum temperature lapse rates to represent the average catchment altitudes.
Daily precipitation from CHMI stations were corrected, if the altitude of the catchment and CHMI
station differed notably, by a factor calculated as the ratio between mean annual precipitation
measured by bulk precipitation collectors at the investigated catchments and precipitation from
the climatic stations (for the observed periods).

Trends in spring yield monthly medians were tested with the trend-free pre-whitening
modification of the Mann-Kendall (TFPW-MK) test (Yue et al., 2002). Significant increases or
decreases in hydrogeological regions were determined using extended field significant trend
method (Yue and Wang, 2002). TFPW-MK was used also for identification of changes in
monthly measured runoff at GEOMON network catchments.

Datasets with resolution of 0.44°grids (~50 km) for a control period from 1961-1990 and a
scenario period from 2071-2100 from the PRUDENCE project (Prediction of Regional scenarios
and Uncertainties for Defining EuropeaN Climate change risks and Effects
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http://prudence.dmi.dk) were used in papers II, 111, 1V, V. These future climate scenarios were
based on the IPCC (Intergovernmental Panel on Climate Change) A2 and B2 SRES (Special
Report on Emissions Scenarios) anthropogenic CO, emissions scenarios (Nakicenovic and Swart,
2000).

Three regional climate models (RCMs) with two driving global climate models (GCMs) and
two emission scenarios were used in presented studies. The regional climate model RCAO
(Réisdnen et al., 2003) was used with large-scale lateral boundary conditions from two GCMs:
HadAM3H and ECHAM4/OPYC3, each run with A2 and B2 emission scenarios (papers II, 111,
IV, V). Two further RCMs using HadAM3H boundary conditions: the limited area model CHRM
(Vidale et al., 2003) with the A2 emission scenario, and HIRHAM (Hanssen-Bauer et al., 2003)
with the A2 and B2 emission scenarios were utilized in the study V.

In the paper VI data with grid resolution of ~10 km from the ALADIN-Climate/CZ (Farda et
al., 2010) regional climate model coupled to ARPEGE-Climate global circulation model and
forced with IPCC SRES A1B emission scenario for periods of 2021-2050 and 2071-2100 were
used.

Simulated RCM climatic data for the control period (1961-1990) differed notably from
measured data, and were therefore transformed for hydrological modelling purposes. In papers 11,
11, IV and V an error correction similar to the methods of bias correction (e.g. Fowler and
Kilsby, 2007) was applied. In the paper VI, model outputs were statistically corrected according
to observed values using the percentile approach proposed by Déqué (2007).

Hydrological patterns in the future were modelled by the Brook90 model (Federer et al., 2003).
Biogeochemical cycles at the Lysina catchment were modelled by the MAGIC model (Model of
Acidification of Groundwater In Catchments) (Cosby et al., 2001).

RESULTS AND DISCUSSION

Six articles were included in the theses. Recent long-term changes in spring yields at site and
in hydrogeological regions and in runoff in headwater catchments are discussed in paper | and VI.
Paper Il focused on an impact of anticipated climate change on future water balance in alpine
conditions. Paper 111, V, and VI focused on impact of anticipated climate change in hydrological
pattern in small headwater forested catchments. Paper 1V discussed an effect of climate change on
biogeochemical cycles at an acidified catchment Lysina.

Paper | was focused on a spatial application of trend analysis in groundwater data. For this
purpose, a modification of the Mann-Kendall test, based on the trend-free pre-whitening
approach, was developed. The analysis was done separately for years, each season and each
month. The method was used for evaluation of long-term changes in spring yields in different
hydrogeological regions in the Czech Republic during the period 1971-2007. Trends in spring
yields were evaluated at 157 objects in 18 regions. Significant negative trends were observed at
18% of springs while positive trends at only less than 0.5% on the annual level. In case of field
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significant trend, 4 of 18 investigated hydrogeological regions revealed significant decreasing
trend in annual time series.

The aim of paper 11 was to estimate impacts of global climate change on water yield and runoff
timing in a small alpine catchment (basin of the Skalnaté pleso (lake), the High Tatras, Slovakia).
The models project an increase in the mean annual temperature of 2.5 to 5.9 °C. A noticeable
change is expected in the winter period — a rise in mean monthly temperature above the freezing
point during some months. The estimated decrease in annual precipitation amount is from 1-14%,
but there is an expected change in the seasonal distribution of precipitation. The estimated annual
increase in evapotranspiration is 17-32%. The predicted drop in annual runoff ranges from 12 to
35%, with a maximum decrease of up to 90% during the summer months. An increase in
discharge is supposed during the winter period (up to 50%).

Paper 111 focused on changes in flow patterns due to projected climate change in two
headwater catchments Lysina and Cervik. Another catchment — Litavka was presented as an
example of the catchment that is highly sensitive to changes in the seasonal precipitation
distribution and temperature increase. Annual runoff is predicted to decline by 11-28% (LYS),
respective 2-23% (CER). Impacts on the distribution of monthly flow are predicted to be
significant, with summer-autumn decreases up to 94% (LYS), 97% (CER) and winter increases of
up to ~69% (LYS), ~176% (CER) compared to mean flow from the control period 1967-1990
(LYS) respectively 1961-1990 (CER). With the anticipated increase of temperature and change in
seasonal precipitation distribution, it was estimated that other small catchments in the Czech
Republic could become vulnerable to extreme drought spells similar to the situation observed
recently in the Litavka catchment.

The aim of paper IV was to estimate future water balance and streamwater chemistry changes,
according to different climate change scenario, in a forested acid-sensitive catchment (Lysina)
that was affected by large anthropogenic acidification in the 20™ century. Future streamwater
S04 concentration would maintain at the current level of approximately 90 peq L™ (2008-2009)
in case of minimum or no change in runoff, or would increase by 10-30% as a result of projected
runoff decrease. The runoff change would increase the concentration of base cations a similar
magnitude compared to measured 160 peq L™ (2008-2009). According to used scenarios, the
effect of climate change on pH would be small and would lead to slight re-acidification of
streamwater compared to the measured value 4.2 (2008-2009). The climate change influence to
streamwater chemistry would be small compared to the influence of atmospheric acid deposition.
The environmental condition of the studied stream would probably remain unsatisfactory until the
2070s, the dominant influence being the atmospheric acid deposition and the forest management
in the area.

The aim of study V was to estimate the impacts of anticipated global climate change on runoff
and evapotranspiration in small-forested catchments, Lysina and Pluhiiv Bor situated in the
Slavkov Forest in western Czech Republic. Annual runoff is projected to decline by 10 to 30%,
and impacts on the distribution of monthly flow are projected to be significant, with summer—
autumn decreases of 30 to 95%, and winter increases of up to ~40% compared to mean discharge
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for the period 1967-1990. Mean daily flows are estimated to decrease by ~70% from August to
November. The difference between future summer mean, median and quartiles indicated that in
future flow pattern hydrologic extremes will likely more occur and dry periods will be followed
by the high flows.

Paper VI focused on evaluation of trends in runoff from small forested catchments of the
GEOMON network during the period 1994-2011, and estimation of the impact of anticipated
climate change on flow patterns in the periods 2021-2050 and 2071-2100. Future water balances
were projected for the following 8 of 14 GEOMON catchments: LYS, PLB, LIT, LES, ANE,
LKV, UDL and CER. There were no general patterns found indicating either significant increases
or decreases in runoff on either seasonal or annual levels across the investigated catchments from
1994-2011. Annual runoff is projected to decrease on average by 15% (2021-2050) and 35%
(2071-2100) with a significant decrease in summer months and a slight increase in winter months
as a result of expected climate change as simulated by the selected climate model.

CONCLUSIONS

a) Spring vyields are rather stable or decreasing in the period 1971-2007, only a few series
revealed upward trends, which were a result of winter-spring months trends probably caused
by a shift of snowmelt timing form spring months to winter months. Monthly trends indicate
that the spring yields decline the most in summer months (June—August) and the least between
February and April in the time of annual maxima. The dependence of significant decreases on
selected physical-geographical characteristics (area, latitude, longitude, precipitation) or
hydrogeological functional complexes was not confirmed. (Paper 1)

b) Runoff series from GEOMON network catchments did not show any changes in hydrological
pattern which can be attributed to recent climate change. There were no general patterns found
indicating either significant increases or decreases in monthly runoff on either seasonal or
annual levels across the investigated 12 catchments between 1994-2011 (Paper V1)

c) According to the MAGIC biogeochemical model simulations the projected climate change
will not have a significant impact on the chemistry of surface water at the acid-sensitive
Lysina catchment even though the projected decline in stream runoff for the pessimistic
scenario would be significant (up to 30% compare to present). The reason is the present high
acidity due to the high level of recent anthropogenic acidification. The environmental
condition of the studied stream would probably remain unsatisfactory. Main factors
controlling the future stream water chemistry will be reduced acidic deposition and the forest
management in the area rather than the hydrological change (Paper 1V)

d) The estimated increase of temperature and the seasonal redistribution of precipitation with
expected summer decreases and winter increases will significantly affect evapotranspiration
rates and runoff in the periods 2021-2050 and 2071-2100. Evapotranspiration is expected to
increase as a result of higher temperature and prolongation of the vegetation season. The
annual runoff is projected to decrease and the annual cycle will change significantly. Winter
runoff is expected to increase, the runoff maxima will shift from spring to winter, and runoff
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in summer and autumn will decrease notably. The projected declines in mean daily flows
indicate that studied streams might regularly dry up for short periods in the summer and
autumn. A similar situation can be expected in the case of alpine catchments with shallow
lakes with small drainage area, where a change in future climate conditions could cause a
change in their status from permanent to temporary lakes (Papers I, 111, V, VI).
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