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Abstrakt

V kontexte prebiehajucich ibudtcich klimatickych zmien sa do popredia dostava
vyskum zmien zrazkovo-odtokového rezimu vodnych tokov ajeho extrémnych prejavov.
Hlavnym cielom prace je skiimat’ kl'icové hydroklimatické parametry, ktoré sa na tychto
zmenach podielaji, a tym ovplyviiuji hydrologicky rezim vodného toku. Detekované su
trendy azmeny hydroklimatickych parametrov a hodnoteny je vyvoj extrémov povodni
a sucha. Na identifikovanie trendov a skimanie ich zmien je pouzitych niekolko metdd;
Mann-Kendallov test, linedrna regresia, jednoduché suctové Ciary a komparativna analyza
(IHA). Extremita povodni je vyhodnotena na zaklade stupnov povodiiovej aktivity a N-
ro¢nosti, frekvencia a sezéonnost' pouzitim threshold metédy a diia kulminécie. Extremitu,
frekvenciu a sezonalitu meteorologického sucha hodnoti threshold metéda, d’alej de Martonne
Aridity index a Relative precipitation index. Hydrologické sucho je hodnotené na zéklade
Base flow indexu, Low flow indexu a threshold metody. Hlavnymi parametrami, ktoré do
tychto analyz vstupovali boli rocné, sezonne a mesacné hodnoty prietokov, teploty vzduchu,
zrazok asnehovej pokryvky. Databdza zakladnych i d’alSich vypocitanych parametrov je
zostavend pre obdobie 1931/1961-2010/2012. Trendy a zmeny hydroklimatickych
parametrov, ako 1 vyvoj sucha a povodni st skimané v povodi horného Hrona v centrélne;j
Casti Slovenska.

Vysledky poukazuju na regiondlne zmeny v povodi horného Hrona. K zmene vo vyvoji
hydroklimatickych parametrov doSlo od 80. rokov 20. storoCia. Zaznamenany je pokles
vodnosti horného Hrona. Celoro¢ny odtok ovplyvituji predovSetkym zmeny v zimno-jarnom
obdobi. Podiel na klesajucom trende odtoku ma rastica teplota vzduchu, pokles snehovej
pokryvky asezéonne zmeny zrazkovych uhrnov. Klesajuci trend odtoku koreluje hlavne
s poklesom maximalneho odtoku, s poklesom frekvencie a extremity povodinovych udalosti,
a so zvySenim pocetnosti suchych a mimoriadne suchych obdobi. K vyraznejsim zmendm
dochadza v povodiach v niz§ich a strednych nadmorskych vyskach. Trendova analyza
potvrdila déleZitost’ dizky zvolenej ¢asovej rady na detekciu trendov.

Vysledky tejto prace pomdzu pochopit’ nasledujuci vyvoj zrazkovo-odtokového rezimu
horného Hrona, idalSich vodnych tokov s podobnym rezimom odtoku. Praca rozsiruje
vyskumy tykajuce sa zmeny klimy v centralnej Eurdpe. Jej vysledky mézu pomoct v
interpretacii sucasnych 1 budicich extrémov, v modelovani zrazkovo-odtokového rezimu,
v predikcii dopadov zmeny klimy pod vplyvom prebiehajicich zmien a v tvorbe stratégii
a opatreni na zmiernovanie ich dopadov.

Kracové slova: zmena klimy, trendova analyza, povoden, sucho, zrazkovo-odtokovy rezim,
povodie horného Hrona



Abstract

Investigation of changes in the rainfall-runoff regimes of rivers and its extremes has
become more important especially in the context of ongoing and future climate changes. The
main aim of this study is to investigate the key hydroclimatic variables involved in these
changes and thus influence the hydrological regime. Trends and changes in climatic and
hydrological variables are detected and the development of flood and drought extremes is
assessed. Several methods are used to identify trends and examine their changes; the Mann-
Kendall test, linear regression, simple mass curves, and comparative analysis (IHA). Flood
extremity is evaluated based on flood activity levels and return period (N-year flood event),
frequency and seasonality using the threshold method and culmination day. Extremity,
frequency and seasonality of meteorological drought are evaluated by the threshold method,
followed by de Martonne Aridity index and Relative precipitation index. Hydrological
drought is evaluated based on Base flow index, Low flow index and threshold method. The
main variables involved in these analyzes were annual, seasonal and monthly discharge, air
temperature, precipitation and snow cover. The database of the base and other calculated
variables is compiled for the period from 1931/1961 to 2010/2012. Trends and changes in
climatic and hydrological variables, as well as the development of drought and floods, are
investigated in the upper Hron catchment in Central Slovakia.

The results point to regional changes in the upper Hron catchment. The 1980s are
considered a turning point in the development of all climatic and hydrological variables. A
decrease in runoff was detected in the upper Hron. Changes in the winter-spring season
affected the annual runoff. Increasing air temperature, a decrease in snow cover and seasonal
changes in precipitation totals contribute to the declining runoff trend. The decreasing trend of
runoff correlates mainly with the decrease in the maximum flow, with the decrease in the
frequency and extremity of flood events, and with the increase in the number of dry and
extremely dry periods. Significant changes occur at lower and middle elevations in the study
catchment. The number of trends varies depending on observation length which trend analysis
confirmed.

The results of this study can help to understand the following development of rainfall-
runoff regime of the upper Hron, as well as other catchments with a similar runoff regime.
The study extend research on climate change in the Central Europe and can help in the
interpretation of current and future extremes, in the rainfall-runoff modelling, in the
prediction of the impact of climate change influenced by ongoing changes and in the
development of strategies and measures to mitigate the impact of hydroclimatic extremes.

Key words: climate change, trend analysis, flood, drought, rainfall-runoff regime, upper Hron



1 UVOD

Klimaticka zmena a vyskyt roznych extrémnych prejavov pocasia, vedie mnohych
odbornikov k tomu, aby detailnejSie skimali mechanizmy tychto prebiehajucich zmien a ich
moznych dopadov. K pochopeniu CastejSicho vyskytu extrémov aich zmien, by malo viest’
skimanie minulosti, ktoré dokaze odhalit’, ¢i a aky vplyv mé predpokladana zmena klimy na
hydrologicky rezim vodnych tokov (Novaky a Balint, 2013). Toto je dévodom rastuceho
poctu vyskumov, ktoré hodnotia vyvoj klimatickych a hydrologickych charakteristik.
Prikladom mozu byt vyskumy z horskych oblasti Ceskej republiky (Kliment et al., 2011;
Langhammer et al.,, 2015), v ktorych autori skumali dlhodobé zmeny klimatickych a
hydrologickych parametrov aich dopady na zmeny v hydrologickom rezime. Ddlezitym
aspektom rieSenia tejto problematiky, by malo byt vzijomné prepojenie klimatickych
a hydrologickych analyz. V mnohych pracach vSak tento aspekt chyba, ¢o neumoziuje
sledovat’ vzajomné dopady klimy na hydrologicky rezim. Medzi prace, ktoré¢ sa zaoberaju
vyskumom zmien klimatickych podmienok na Slovensku patri praca Labudovej et al. (2015).
Poukazuju vnej na posuny klimatickych regiéonov vramci Slovenska. Sledovany bol
postupny posun teplého klimatického regiénu z juhu smerom na sever. Tato zmena zasahuje
1 povodie horného Hrona. Priestorovym hodnotenim vodnosti slovenskych tokov sa zaoberali
Poorova et al. (2013a). Vodné toky rozdelili podl'a vyvoja priemernej vodnosti, pri¢om
povodie horného Hrona zaradili do skupiny povodi s klesajucim az vyrazne klesajicim
trendom vodnosti. Na tomto mieste by sa dalo tvrdit, ze pokles vodnosti horného Hrona je
sposobeny posunom klimatickych zon na Slovensku. Do akej miery je vSak mozné prepojit
vysledky tychto stadii, by muselo byt podrobené detailnejsSej analyze. Cielom tejto prace je
doplnit’ vyskumy, ktoré vzajomne prepoja klimatické a hydrologické analyzy, ¢o umozni
lepsie pochopit’ zmeny vo vyvoji zrazkovo-odtokového rezimu.

So zmenami zrazkovo-odtokového rezimu suvisi vyskyt hydroklimatickych extrémov.
Pre vécSinu oblasti centradlnej Eurdpy je na jednej strane predpokladany rast povodni, a to
predovSetkym v stvislosti s extrémnymi zrazkovymi situdciami. Ich uc¢inok na odtok skimali
v oblasti Sumavy Vlcek et al. (2016) alebo Jansky (2003). Na strane druhej, pod vplyvom
rasticej teploty a nedostatku zrdzok, by malo rast’ riziko vyskytu sucha (IPCC, 2014). Jeho
prejavy su menej extrémne v pramennych oblastiach riek (Podrova et al., 2013b). Potvrdzuju
to i vysledky Kralovca et al. (2016), ktoré indikujt, Ze signifikantne vyss$i odtok ma pocas
suchych obdobi zalesnené povodie v porovnani s nezalesnenym.

Podobne ako trendy vyvoja klimatickych a hydrologickych charakteristik, 1 vyvoj
extrémov (napr. ich zvySujucu sa frekvenciu a intenzitu), je mozné odhalit’ Statistickym
skiimanim urcujucich parametrov za dostatocne dlhé ¢asové obdobie (Lapin, 2013). Takyto
vyskum riesili na juhu Slovenska v povodi Dunaja Blaskovicova et al. (2014), kde pozorovali
rastaci trend maximalneho odtoku. Naopak Jeneiova et al. (2014) zaznamenali na povodiach
vychodného a centralneho Slovenska jeho klesajtci trend. Regionéalne rozdiely sa prejavuju i
vo vyvoji minimalneho odtoku. Poorova et al. (2013b) zistili, ze najpriaznivejSie podmienky
v jeho vyvoji su v hornych povodiach riek (napr. Véh, Hron a Sland) a nepriaznivé v ich
dolnych povodiach na juhu Slovenska. Tieto vyskumy su dokazom toho, ze vyvoj odtoku na
Slovensku sa regiondlne 1iSi. Je mozné predpokladat, ze v prebiehajiicich zmenach moéze
dochadzat’ k preskupeniu tohto vyvoja i do hornych usekov riek tzn. i do povodia horného
Hrona.



2 CIELE PRACE

Hlavnym cielom préace je skimanie zmien hydroklimatickych parametrov a ich dopad
na hydrologicky rezim vodného toku. K jeho naplneniu viedlo niekol'’ko postupnych krokov:

1) reser§ prac skumajicich zmeny hydroklimatickych parametrov v oblasti centralnej
Eurdpy; Slovenska a Ceskej republiky (CR), ¢o umoznilo vytvorit' ucelenejsi pohlad
na dopady zmeny klimy v tomto regione;

2) detekcia trendov azmien hydroklimatickych parametrov v zaujmovom povodi,
vzdjomné prepojenie vysledkov klimatickych a hydrologickych analyz, porovnanie
prebiehajucich zmien s predpoved’ami klimatickych modelov;

3) vyvoj extrému povodni a maximalneho odtoku — trendova analyza, priCiny, frekvencia,
extremita a sezoénnost’;

4) vyvoj extrému sucha a minimalneho odtoku — trendova analyza, priiny, frekvencia,
extremita a sezoénnost’;

5) diskusia a syntéza vysledkov.

3 ZAUIMOVE POVODIE

Skimanie dopadov zmeny klimy na hydrologicky rezim, je prezentované na ¢iastkovom
povodi rieky Hron (plocha povodia 5 465 km?), tj. na povodi horného Hrona. Riecka Hron je
druhou najdlhSou riekou Slovenska. Prameni pod Kralovou holou v Nizkych Tatrach vo
vyske 934 m n.m. a usti do Dunaja pri Stiirove vo vyike 103 m n.m. Povodie horného Hrona
je ukongené v profile Banska Bystrica (plocha povodia 1 766 km?, Obr. 1). resp. u niektorych
analyz v profle Zlatno (plocha povodia 83,7 km?).
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Obr. 1 Zaujmoveé povodie horného Hrona.



4 ZDROJOVE DATA A METODIKA

4.1 Zdrojové data

Databazu pouzitych dat mozno rozdelit' na dve Casti: databaza vytvorend vylucne pre
sledovanie povodnového rezimu horného Hrona (Blahusiakova a Matouskova, 2012) a
databaza vytvorend pre sledovanie hydrologického rezimu a hydroklimatickych extrémov
(Blahusiakova a Matouskova, 2015, 2016). Prva databaza obsahuje informacie o datume
vzniku (kulmindcia) povodni, mieste ich vyskytu, vodnom stave, kulminacnom prietoku,
dosiahnutom stupni povodiiovej aktivity a u vSetkych povodni od 90. rokov i informécie o ich
pri¢inach a dosledkoch. Zostavena je pre casové obdobie 1931-2010. Druha databaza bola
dopliovana postupne. V prvej faze obsahovala z hydrologickych dat hodnoty priemernych
prietokov v dennom a mesacnom kroku v obdobi 1931-2010 a klimatické data v mesacnom
kroku v obdobi 1931/1961-2010. V druhej faze bola ¢asova rada skratena na obdobie 1961-
2010, s cielom hodnotit’ hydroklimatické extrémy v dennom kroku a na typickom horskom
tseku zaujmového povodia po Zlatno. V tretej faze bolo cielom prediZenie ¢asovej rady
(1966-2012) i jej doplnenie o povodia v CR a Svajéiarsku. Detailné pouZitie zakladnych
1 vypocitanych klimatickych a hydrologickych dat je sicastou metodiky jednotlivych clankov
autorky.

4.2 Metodicky postup

Schéma na Obr. 2 strucne popisuje jednotlivé kroky postupu prace s odkazmi na
prislusné Clanky a Tab. 1 uvadza suhrn vSetkych pouzitych metdd s uvedenim ich zdroja
a odkazom na ¢lanok, v ktorom je dana metdda pouzita.

Dopad regionalnej zmeny klimy na hydrologicky rezim s ohlfadom na extrémne situdcie

Wytvorenie databazy hydroklimatickych parametrov a ¢asovej rady
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Obr. 2 Zhrnutie postupu prdace s odkazmi na jednotlivé clanky.
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Prvym krokom bolo detekovanie trendov hydroklimatickych parametrov aich zmien
(Blahusiakova a Matouskova, 2015). Pre detekciu bol pouzity neparametricky Mann-
Kendallov test (MK test), (Kliment a Matouskova, 2009; Ledvinka, 2016 atd.). Zmeny vo
vyvojovom trende odtoku, ukézali skonStruované jednoduché suctové cCiary. Zisteny bod
zlomu na ktory poukdzali, sa stal kritériom rozdelenia Casovej rady na dve rovnako dlhé
obdobia. Takto rozdelené¢ obdobia vstupovali do komparativnej analyzy (pouzite softwaru
IHA; Richter et al., 1998). Analyza poukézala hlavne na zmeny vo vyvoji maximalnych
prietokov. Nasledne boli podla velkosti kulmina¢ného prietoku a N-ro¢nosti vymedzené
povodnové udalosti. Sledovana bola ich extremita, frekvencia a sezoénnost’.

V druhom kroku bolo pristipené k hodnoteniu hydroklimatickych extrémov; sucha
apovodni (BlahuSiakova a Matouskova, 2016). Vyskyt meteorologického sucha bol
sledovany pouzitim dvoch indexov sucha; Relative precipitation index (Novicky et al., 2008)
a de Martonne Aridity index (eMS, 2015). S cielom skumat’ sezénnost, trvanie a frekvenciu
suchych obdobi, bola vytvorend ich klasifikacia. Suché obdobia boli klasifikované pomocou
Threshold metdédy. Hydrologické sucho bolo hodnotené pomocou dvoch hydrologickych
indexov; Low flow index (Poff a Ward, 1989) a Base flow index (Richter et al., 1998) a tiez
na zéklade Threshold metdody, ktord bola pouzita ipre stanovenie hranice medzi nizkymi
a vysokymi prietokmi v komparativnej analyze. Metddy hodnotiace maxima boli rovnaké ako
v prvom kroku, s tym Ze je viac hodnotena ich sezénnost'.

Vitretom kroku bol detailnejSie hodnoteny extrém povodni (BlahuSiakova
a Matouskova, 2012). Z ¢asového hl'adiska bol tento krok prvy a odstartoval cely vyskum
Stadia hydroklimatickych extrémov horného Hrona. Povodnova aktivita bola skimana
v obdobi 1930-1991 a 1992-2009(2010). Sledovana bola ich frekvencia. Sezénnost bola
urcend na zéklade dna kulminécie, pricom povodne boli rozdelené do dvoch povodnovych
rezimov; zimného a letného. Kritériom pre vymedzenie povodni, boli dosiahnuté stupne
povodnove;j aktivity (SPA).

V stvrtom kroku bol blizSie hodnoteny extrém sucha (Blahusiakova et al., -), hlavne
s ohl'adom na zmeny v snehovej pokryvke. Prezentovana Casovo-priestorova analyza, bola
zamerana i na vybrané povodia v CR a Svajéiarsku. Snahou bolo porovnat’ chovanie povodi
v roznych nadmorskych vySkach. Hodnotené bolo skupenstvo zrazok na zaklade pouzitia
dvoch metdd (Tab. 1). V trendovej analyze bola pouzitd modifikovana verzia MK; trend-free
prewhitening TFPW (Yue et al., 2002a). Suché obdobia boli klasifikované pouzitim
Threshold metddy s vyuzitim funkce Find droughts v R (Gustard a Demuth, 2009). Nésledne
bola vytvorena typologia sucha podl'a Van Loona (2015).

Tab. 1 Suhrn pouzitych metod.

Trends and changes

Manp-Kendall test (unmodified Mann (1945), Kendall (1975) Blahusiakova, Matouskova (2015,
version) 2016)

Mann-Kendall test (modified Yue et al. (2002a) Blahugiakova et al. (-)

version)

Comparative analysis Richter et al. (1998) Blahusiakova, Matouskova (2016)
Linear regression MS Excel 2010 2Bézilg)151akova, Matouskova (2015,
Simple-mass curves MS Excel 2010 Blahusiakova, Matouskova (2015)
Correlation and variability

Pearson correlation coefficient Hollander et al. (2013) Blahusiakova et al. (-)

Coefficient of dispersion Richter et al. (1998) 2Bézilg)151akova, Matouskova (2015,




Floods

Extremity, frequency and Blahusiakova, Matouskova (2012,
seasonality analysis the methods below 2015, 2016)

SPA (level of flood activity) SVP, B. Bystrica; Remzik a Blahusiakov4, Matouskov4 (2012)

Janko (1987)
N-year flood event (return Ministry of Forestry and Water ~ BlahuSiakova, Matouskova (2015,
period) Management of Slovakia (1987) 2016)
Threshold method, Peak flow Richter et al. (1998) %T;‘;Slakova’ MatouSkova (2015,
Date of culmination Remzik a Janko (1987), SHMU  Blahugiakova, Matougkova (2012,
a SVP BB 2015, 2016)
Droughts
Extremity, frequency and Blahusiakova, Matouskova (2012,
seasonality analysis the methods below 2015, 2016)
Base flow index Richter et al. (1998) 2Béa;lg)181akova, Matouskova (2015,
Low flow index Poff a Ward (1989) Blahusiakova, Matouskova (2016)
Relative precipitation index Novicky et al. (2008) Blahusiakova, Matouskova (2016)
de Martonne Aridity index eMS (2015) Blahusiakova, Matouskova (2016)
Defining dry episodes by Blahusiakova a Matouskova . . <l
threshold method (2016) Blahusiakova, Matouskova (2016)
Find droughts, Threshold method = Gustard a Demuth (2009) Blahusiakova et al. (-)
Typology of droughts Van Loon (2015) Blahusiakova et al. (-)
Proportion of precipitation
Snowfall fraction Jenicek et al. (2016) Blahusiakova et al. (-)
Snow day ratio Sawicz et al. (2011) Blahusiakova et al. (-)

5 SYNTEZA A DISKUSIA VYSLEDKOV

Analyzy ukazali, ze k signifikantnym zmenam hydroklimatickych parametrov v povodi
horného Hrona dochadza priblizne od 80. rokov 20. storo€ia, s vyraznejSimi prejavmi od 90.
rokov. Zisteny klesajuci trend odtoku koreluje hlavne s poklesom maximalneho odtoku,
s rastom teploty vzduchu, poklesom snehovej pokryvky a sezénnymi zmenami zrazkovych
uhrnov. Je spojeny 1 s poklesom frekvencie a extremity povodiovych udalosti a zvySenim
pocetnosti suchych a mimoriadne suchych obdobi.

5.1 Trendy zrazkovo — odtokového rezimu

NajsignifikantnejSie trendy zo vSetkych skumanych parametrov sa objavili u teploty
vzduchu (Blahusiakova a Matouskova, 2015). K jej rastu dochadza na vsetkych staniciach,
najviac na juzne polozenych. Na staniciach horného Hrona stiipla priemerna ro¢na teplota od
80. rokov 0 0.4 az 1.2°C, &o je porovnatel'né s horskymi oblastami CR (Kliment et al., 2011).
Sezonna a mesacna teplota signifikantne rastie v teplom polroku (V.-X.), najviac od maja do
augusta, o zaznamenali v eurdpskom regione i Luterbacher et al. (2016). V chladnom
polroku (XI.-IV.) sttpla najviac v aprili a v januari (Obr. 3). Rast aprilovej teploty podtrhuje
fakt, Ze v poslednych rokoch nie je neobvyklé, ze sa kratke viny horti¢av objavujii uz na konci
aprila (Vyberci et al., 2015) alebo zaciatkom madja (Labudova et al., 2015). V porovnani
s trendmi odtoku sa pocetnost’ trendov teploty so skracovanim ¢asovej rady zvysSuje. Suvisi to
s otepl'ovanim v poslednych desatroCiach, ktoré je, ako uvadzaja Luterbacher et al. (2016),
najvyraznejsie za uplynulych 2000 rokov.
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Obr. 3 Porovnanie vyvoja teploty vzduchu v chladnom polroku v Telgarte v obdobi 1981-2012
s dlhodobym priemerom 1951-1980.

V ro¢nych zrazkovych thrnoch sa neobjavili signifikantné trendy. PodrobnejSie analyzy
odhalili zmeny vich prerozdeleni pocas roka. Sezénne rastli v mdji amierne klesali
v novembri a februdri. Rastuci trend zimnych zrazkovych uhrnov pozorovany na Slovensku
(Zelendkova et al., 2017) 1 v niektorych d’alSich oblastiach centralnej Europy (Hinsel et al.,
2007; Kliment et al., 2009) nebol v povodi signifikantne potvrdeny. K zmenam zatial
nedochadza ani v lete a na jesen.

V chladnom polroku boli pozorované zmeny skupenstva zrazok (Blahusiakova et al.,-),
znazornené¢ na Obr. 4 klesajucou hodnotou snowfall fraction. Tento pokles je vyraznejsi
predovSetkym na jar. Hlavnym dovodom poklesu je stupajica teplota, ktora predovSetkym
v druhej polovici jari negativne ovplyviiuje trvanie a mnozstvo snehovej pokryvky. Podobné
trendy tuhej zloZky zrazok zaznamenali na Slovensku i Fasko et al. (2018), v CR Brézdil et al.
(2009) alebo vo Svajéiarsku Jenicek et al. (2016). Najviac sa tieto zmeny prejavuju
v strednych a nizSich nadmorskych vyskach (do cca 1500 m). Prave tieto oblasti su vystavené
CastejSej zmene skupenstva zrdzok a st nachylnejSie i na pokles snehovej pokryvky.
Z vysledkov porovnania prahovej teploty pre stanovenie skupenstva zrazok vyplyva, Ze jej
posun z(0 na 1°C sposobuje zvySenie pocetnosti a sily klesajucich trendov tuhej zlozky
zrazok, a to predovsetkym v strednych a nizSich nadmorskych vyskach. Pozorovany je i
sezonny posun trvania suvislej snehovej pokryvky, a to z obdobia december az februar na
januar az marec. Tento posun suvisi s rasticou teplotou na zaciatku zimy a je potvrdeny
1 znizujicim sa poctom dni so snehom na niektorych staniciach, hlavne na zaciatku a konci
zimnej sezony. Sucasne na viacerych staniciach klesa i hodnota maximalnej vysky snehovej
pokryvky.

Hodnotenie odtoku v obdobi 1931-2010 poukéazalo na jeho signifikantny pokles na
vSetkych vodomernych staniciach (Blahusiakova a Matouskova, 2015). Obr. 5 zobrazuje jeho
pokles v B. Bystrici, kde bol najvyraznejsi. Zaroven je na obrazku mozné sledovat’ rast
teploty, pokles vysky snehovej pokryvky a vyvoj zrazkovych tthrnov. Skratenim Casovej rady
na obdobie od 60. rokov sa okrem B. Bystrice signifikantné trendy odtoku stracaja. Toto
koreluje s vyskumom Mind'asa et al. (2011), ktori pozoruji vo vyvoji odtoku na Slovensku
regionalne rozdiely. VyraznejSi pokles je sledovany v oblasti juzného a centradlneho
Slovenska, kde lezi 1 zauyjmové povodie horného Hrona. Obecne je toto povodie klasifikované
ako povodie s klesajucim dlhodobym prietokom (Poorova et al., 2013a). Podobna situécia je
v obdobi 1931-2010 u sezénneho odtoku. Pozorovany bol signifikantny pokles v chladnom
(november az februar) i v teplom polroku (jin). Skratenim tohto obdobia od 60. rokov klesa
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signifikantne len letny odtok (jun) a dochédza k poklesu jarného odtoku (m4j). Na pokles
odtoku na jar avlete ma vplyv rastuca teplota aznizujuce sa zrazky. Zimny odtok
signifikantne klesa v novembri a decembri len v pripade skratenia i konca ¢asovej rady (1960-
1990), ¢o suvisi s predpokladanym zvySovanim sa zimného odtoku.
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1°C 5-roc¢ny klzavy priemer 0°C
5-rocny klzavy priemer 0.5 °C 5-ro¢ny klzavy priemer 1 °C
0,8
5
s 06
©
&
&
z 04
o
c
(%]
0,2
0
O o O < O 00 O N < O 0 O N & O 0 O N & VU 0 O
O O N~ N IN IN 00 00 00 60 00 O OO OO OO O O O ©O o O «
(o)} (o)} [©) )] (o)} a o0 O O O O O O O
— — — — — — — — — — — — i — i — (o\] [a\] o [a\] o o o~

o~
~
3
Obr. 4 Podiel tuhych
v obdobi 1966-2012.
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Obr. 5 Vyvoj klimatickych a hydrologickych parametrov (priemerného rocného prietoku Qr, teploty
vzduchu Tr, ihrnu zrazok Pr a vysky snehovej pokryvky SCDr) v B. Bystrici v obdobi 1961-2010.

Pre povodie horného Hrona predikujo Hlavcova et al. (2010) rast odtoku od
novembra/decembra do februara/marca a jeho pokles od méja do oktébra/novembra. Tento
ocakavany predpoklad sa v povodi horného Hrona v pripade zimného odtoku nepotvrdil.
Skracovanim cCasovej rady ana druhej strane jej predlzovanim o obdobie poslednych
desat’roc¢i (1961-2015) je pozorovana zmena vo vyvoji zimného odtoku smerom k pozitivhym
trendom, nie je vSak Statisticky vyznamna. Podobnu situéciu sledujeme i v poklese jarnych
a letnych prietokov, ktoré od 60. rokov klesaju signifikantne na niektorych staniciach. Na
viacerych povodiach centralnej Eurdpy (Kulasova et al., 2008; Kliment et al., 2011) s uz
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signifikantné trendy rastiicecho odtoku v zime a klesajuceho na jar avlete pozorované.
Potvrdili to i naSe hodnotenia v CR a vo Svajciarsku (Blahusiakova et al., -).

Trendova analyza na povodi horného Hrona potvrdzuje fakt, Ze pri aplikacii
Statistickych testov, je dizka zvolenej asovej rady velmi doleZita a ovplyviiuje poéetnost
signifikantnych trendov (Yue et al., 2002b). Skiskou na rézne dlhych ¢asovych radoch a ich
kombinaciach sa naozaj potvrdilo, Ze najpocCetnejsie trendy su v najdlhsej ¢asovej rade od 30.
rokov. Pri porovnani vysledkov nemodifikovanej a modifikovanej verzie MK testu (Obr. 6)
mozno konStatovat, ze vysledky oboch verzii testov st celkom porovnatelné, s o nieCo
silnej$imi trendmi u nemodifikovanej verzie.

u M|U MU MU M|U M|U M u M u M| U M
Q Qumin Qg0 T P Sq Sdmax sf Rsp
Xl -1.9
Xl -2.2 -2.2
| -2.7 - -2.7 - -2.3 -2.1
Il
I -2.2 -03
IV 3.0 24 -2.0 -2.0 - -0.1 - -0.3
vV |24 -1.2 1.1
Vi 2.1
Vil 29 23
Vil 2.2
IX
X
Year 1.0 -2.2 -3.0 -0.1
XI-1IV -1.9 -2.4 -0.2 - -0.2

Obr. 6 Porovnanie vysledkov nemodifikovanej (U) a modifikovanej (M) verzie Mann-Kendallovho
testu v stanici Zlatno a Telgart v obdobi 1966-2012; Q — prietok, Q,.;, — minimalny prietok, Qg —
prietok dosiahnuty alebo prekroceny 90 dni v roku, T — teplota vzduchu, P — uhrn zrazok, S, — vyska
snehovej pokryvky, Sime. — maximdlna vyska snehovej pokryvky, Sf — Snowfall fraction, Rsp — Snow day
ratio.

5.2 Hodnotenie extrému povodni a maximalneho odtoku

Podl'a vysledkov MK testu ikomparativnej analyzy sa vodnost horného Hrona
z pohl'adu maxim znizuje. Signifikantne klesd ro¢ny, sezénny i denny maximalny odtok
v obdobi 1931-2010 (Blahusiakova a Matouskova, 2015). V chladnom polroku k najvacsiemu
poklesu doslo v marci, ¢o potvrdzuje klesajuca hodnota 75-percentného mesacného prietoku
(Obr. 7). Maximum vSak vyrazne klesd i vo februari, novembri a decembri. Najvacsi pokles
v teplom polroku, bol zaznamenany v oktobri a juli. Naopak rast vykazoval januar
a september. U dennych hodnét maximéalneho odtoku bol najvacsi pokles objaveny
v hodnotéach 1-, 3- a 7-denného maxima. Vysledky potvrdzuji vyskum Jeneiovej et al. (2014),
ktori na povodiach vychodného a centralneho Slovenska zaznamenali obecne klesajuci trend
maximalneho odtoku.
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Obr. 7 Porovnanie vyvoja priemerného maximalneho mesacného prietoku (Q,..) a 75-percentného
mesacného prietoku (Q7s,.) v Zlatne medzi obdobim 1951-1980 a 1981-2010.

Klesajuca frekvencia iextremita azmena sezonnosti povodiovych udalosti bola
zaznamenand od 80. rokov (Blahusiakova a Matouskova, 2015, 2016). Sledovany bol vyskyt
udalosti s dosiahnutym alebo prekro¢enym prietokom > Q, Qs, Q20, Qso a Q0. Udalosti s
prietokom > Qs avicsim sa vpovodi objavili len vobdobi 1951-1980, pricom
najextrémnejsie povodne v tomto obdobi boli zaznamenané v rokoch 1954 a 1974. Obr. 8
poukazuje na klesajiicu frekvenciu isezonnost udalosti > Q;. V povodi sa povodne
vyskytovali najcastejSie na konci zimy a pocas jari. Ich pocet ale vyznamne klesol, a to hlavne
v aprili. V teplom polroku sa najcastejSie vyskytli v prvej polovici leta ana jesen.
Zaznamenany posun vyskytu udalosti s prietokom > Q, z jari do neskorého leta az zaciatku
jesene koreluje s poklesom v maximalnych hodnotich. Podobny posun sezdénnosti
v povodiach centralneho Slovenska zaznamenali Parajka et al. (2009). Predpokladany posun
maximalneho odtoku zneskorej jari na jej zaciatok, ako to v suvislosti s rastom teploty
a skracovanim trvania snehovej pokryvky zaznamenali na Sumave v CR Langhammer et al.
(2015) sa zatial' v povodi horného Hrona nepotvrdil. Posun sezénnosti povodni naznacuje
moznu zmenu prevladajuceho typu povodni v suvislosti s rastom teploty a predpovedanymi
extrémnymi zrazkovymi udalostami vteplom polroku. Na druhej strane, CcastejSie
a vyraznejsie kolisanie teploty v chladnom polroku moéze sposobit’ narazové topenie snehu,
aked sa ktomu pridd idazd, moéze to vyvolat vzostup vodnych hladin s vyskytom
povodinovych udalosti.

® Frekvencia udalosti = Q1 (1951-1980) B Frekvencia udalosti 2 Q1 (1981-2010)
Januar Januar
7 7
December 6 Februar December 6 Februar
5 5
4 4
November Marec November Marec

3 3
2 2

Oktdber April Oktdber év April

September Méj September Méj

August Jin August Jan
Jal Jal

Obr. 8 Frekvencia a sezonnost udalosti > Qv B. Bystrici v obdobi 1951-1980 a 1981-2010.
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5.3 Hodnotenie extrému sucha a minimalneho odtoku

Vyhodnotenie frekvencie, extremity a sezonnosti meteorologického sucha v obdobi
1961-2010 ukézalo, ze v povodi horného Hrona boli CastejSie suché epizody v chladnom
polroku, s najvacsou frekvenciou v r. 1975 a 1984. Najviac pocetné boli v janudri a marci, €o
je pre horské povodia s akumulédciou snehu v zimnom obdobi typické. Najdlhsie sa vyskytli
od februara do aprila (1974 a 2003) a koreluji s mensimi hodnotami snehovej pokryvky
i s minimalnym prietokom. Tieto vysledky potvrdzuju vyskum Demeterovovej a Skodu
(2009), ze povodie horného Hrona patri medzi tie slovenské povodia, ktoré sa vyznacuju
jednou z najvacsich frekvencii zimnych dlhotrvajiicich suchych obdobi. V teplom polroku
bola zistend ich mensia frekvencia, s najvac¢Sou pocetnost'ou v oktobri.

Vysledky meteorologického sucha koreluju so suchom hydrologickym. Ako priklad sa
daja uviest’ suché epizody v rokoch 1986-1987 zapricinené priméarne nedostatkom zrazok, ¢o
malo za nasledok vznik hydrologického sucha s velkym deficitom vody v povodi. Tuto
situaciu zobrazuje Obr. 9. Obecne je povodie horného Hrona typické CastejSim vyskytom
dlhotrvajiiceho sucha (trvajiceho viac ako 30 dni, s frekvenciu viac ako trikrat/10 rokov), na
&o upozoriiuji Demeterova a Skoda (2009). Vys§ia frekvencia a predlzovanie trvania
hydrologického sucha od 80. rokov bola zaznamenand napriklad v profile Zlatno. Na Obr. 10
je mozné okrem tohto javu, sledovat i hodnoty objemu deficitu sucha, ktoré sa
s predlzovanim trvania hydrologického sucha zvacsuju.
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Obr. 9 Vyvoj suchych epizod s vyznacenym deficitom vody v Zlatne v obdobi 1986-1987.

Statistické hodnotenie roéného minimalneho odtoku odhalilo signifikantné trendy len
v obdobi 1931-2010, s najvacsim poklesom v hodnote Qs3p (Blahusiakova a Matouskova,
2015). Jeho skratenim od 60. rokov sa signifikantné trendy stracaju. Rovnako len v Casovej
rade od 30. rokov je Statisticky vyznamny pokles zimného odtoku (najvacsi v decembri
a janudri). Skratenim casovej rady sa trendy zimného odtoku menia na pozitivne, nie su vSak
Statisticky signifikantné. V hodnotéach 1-, 3-, a 7-denného minima sa objavil slaby rast a u 30-
a 90-denného minima slaby pokles. K posunu obdobia s vyskytom minimalneho prietoku
v chladnom polroku nedoslo. V teplom polroku doslo ale k posunu obdobia s vyskytom
minima zo septembra do augusta, ¢o suvisi so zistenym rastom minimalneho odtoku na jesen.

13



11 12 43 44 55 56 67 68 69 710 711 812 81 82 103 104 115

2012 [ 335 811

2006,/07 240 710
1999,/00 127 613
1997 28 046
1996 84 672
1992 163 210
1988,/89 400 982
1987 434 592

1986/37 I 1 657 843

1986 225 763
1922 [ 559 613
1978 119 318 i
dni
1974 211 421 230
1973 I 41504 a0
1972/73 402 451 50
1972 205 978 > 60
1969 178 762 =70
1967/68 419 645 »>150
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Obr. 10 Prehlad obdobi hydrologického sucha trvajuceho nepretrzite viac ako 30 dni v profile Zlatno
v obdobi 1961-2012, pozn. ¢isla udavajii objem deficitu vody v nr’.

Vysledky typoldgie sucha s ohl'adom na vyvoj snehovej pokryvky (Blahusiakova et
al.,-) potvrdili, Ze tu prevladaji deficity vody v chladnom polroku. NajcastejSie sa vyskytol
typ sucha warm snow season drought A a cold snow season drought A, ktoré si ovplyvnené
hlavne vyvojom teploty (pozitivnym alebo negativnym) a nasledne jej dopadom na zrazky
aich skupenstvo. Typ sucha warm & cold snow season drought A, u ktorého bola zistena
najvicsia signifikantnd zavislost vyvoja snehovej pokryvky v predchadzajicom zimnom
obdobi na nasledny vyvoj odtoku a minim, sa v zdujmovom povodi neobjavil. Klimatické
modely vSak predpovedaju negativny dopad nedostatocnej zasoby vody v snehovej pokryvke,
na odtok v d’alSich sezonach roka i na Slovensku (Roncak et al., 2019). Ked’ze snehova
pokryvka v povodi horného Hrona uZz teraz signifikantne klesa a rastica teplota ovplyviiuje
skupenstvo zrazok a zvysuje vypar, nemozno vylucit, zZe pod vplyvom tychto prebiehajucich
zmien, neddjde v nasledujticich desatrociach i1 k vyskytu sucha typu warm & cold snow
season drought A. Kedze prave horské a podhorské oblasti s tymto prevladajucim typom
sucha sa javia ako najviac ohrozené regiondlnym otepl'ovanim, bude do budicna potrebné
skamat’ jeho vyskyt i v d’alSich oblastiach.

6 ZAVER

Povodie horného Hrona je senzitivne na regionalne oteplovanie a zmeny klimatickych
parametrov, ¢o ma signifikantny dopad na odtok. Pokles vodnosti 1 zmeny vo vyvoji
hydroklimatickych parametrov sti pozorované od 80. rokov 20. storo€ia. Zisteny klesajuci
trend odtoku koreluje hlavne s poklesom maximalneho odtoku, s rastom teploty vzduchu,
poklesom snehovej pokryvky a tuhej zlozky zrazok i sezonnymi zmenami zrazkovych tthrnov.
Je spojeny s poklesom frekvencie a extremity udalosti > Q; a zvySenim pocetnosti suchych
obdobi.

Horny Hron mé snehovo-dazd’ovy rezim odtoku, a preto pripadné zmeny v zimno-
jarnom obdobi signifikantne ovplyvnia celoroény odtok. Toto sa v povodi i potvrdilo.
Signifikantné zmeny nastavaju v teplote vzduchu. Relativne vysSia teplota pocas chladného
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k skrateniu trvania snehovej pokryvky; k jej akumulécii dochddza neskor a jej topenie naopak
nastdva skoér. Tieto zmeny by mali zvySovat zimny odtok, ako to predikuju pre povodie
horného Hrona Hlavcova et al. (2010). Takto o¢akavany vyvoj nebol zatial’ v povodi horné¢ho
Hrona signifikantne potvrdeny. Tieto vysledky stvisia i so zistenym poklesom maximalneho
odtoku a s poklesom udalosti > Q;, ktorych castejSi vyskyt sa postiva zo zimno-jarné¢ho
obdobia na neskor¢ leto a jesen. Suché epizddy sa objavili ¢astejSie v chladnom polroku, Co je
pre horské povodie s tymto rezimom odtoku typické. Horny Hron patri medzi tie slovenské
povodia, kde bola zistena najvacsia frekvencia zimnych dlhotrvajucich suchych epizod
(Demeterové a Skoda, 2009). D4 sa ale predpokladat, e bude rast ich pocetnost’ na jar
av lete, ¢o predikuju klimatické modely (Roncdk et al., 2019). Naznacuje to i detekovany
signifikantny pokles jarného odtoku v zaujmovom povodi. V porovnani so skiimanymi
povodiami v CR a Svajéiarsku, dochadza ktymto zmendm v povodi horného Hrona
pozvolna. V tychto povodiach je uz zaznamenany vyraznej$i pokles jarného a letného
minimalneho odtoku. D6vodom méze byt miernejsi rast teploty a menej vyrazné zmeny vo
vyvoji zrazok v chladnom polroku v povodi horného Hrona.

Trendova analyza potvrdzuje, 7e di’ka zvolenej Gasovej rady hra dolezitd twlohu
v detekcii trendov, ¢o sa potvrdilo predovSetkym pri hodnoteni odtoku v chladnom polroku.
Predpokladané zvySenie zimného odtoku, typické pre horské toky centrdlnej Europy,
nemozno v povodi horného Hrona potvrdit’.

Vysledky predkladanej prace poukazujuce na regionalne zmeny v povodi horného
Hrona rozSiruju vyskumy tykajlice sa zmeny klimy v centralnej Eurépe a mézu pomdct’ v
interpretacii sucasnych 1 budicich extrémov, v modelovani zrazkovo-odtokového rezimu,
v predikcii dopadov zmeny klimy pod vplyvom prebiehajicich zmien a v tvorbe stratégii
a opatreni na zmiernovanie dopadov vyskytu hydroklimatickych extrémov.
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1 INTRODUCTION

Climate change and the occurrence of various extreme weather events have led many
experts to investigate the mechanisms of ongoing changes and their possible impacts in more
detail. The exploration of the past is needed to understand the more frequent occurrence of
extremes and their changes (Novaky and Balint, 2013). This assessment can be useful for
detection whether and what impact has the projected climate change on the hydrological
regime. This is the reason for the growing number of researches evaluating the development
of climatic and hydrological characteristics. Examples include research from the Czech
Republic (Kliment et al., 2011; Langhammer et al., 2015), in which the authors examined
long-term changes in climate and hydrological parameters and their impact on changes in the
hydrological regime of mountain Czech rivers. An important aspect of dealing with this issue
should be the interconnection of climate and hydrological analyzes. However, this aspect is
missing in many studies, which makes it impossible to monitor the climate impact on the
hydrological regime. The study dealing with the research of changes in climatic conditions in
Slovakia includes research of Labudova et al. (2015). They point to shifts in climate regions
within Slovakia. The shift of the warm climate region from south to north was observed. This
change also affects the upper Hron catchment. The spatial assessment of the Slovak
watercourses was addressed by Poorova et al. (2013a). The catchments were divided
according to the development of the average annual runoff, while the upper Hron catchment
belongs to the group with decreasing runoff trend. At this point, it could be argued that the
runoff decrease is caused by the shift of climate zones in Slovakia. A more detailed analysis is
needed to attempt to link the results of these studies. So, the aim of this study is to supplement
the research of interconnection of climatic and hydrological analyzes, which will allow better
understanding of changes in the development of rainfall-runoff regime.

The occurrence of hydroclimatic extremes is related to changes in rainfall-runoff
regime. Floods are projected to grow for most areas of Central Europe, on the one hand,
especially in the context of extreme rainfall situations. Their effect on runoff was investigated
in the Sumava region by Vlcek et al. (2016) or Jansky (2003). On the other hand, the risk of
drought should increase under the influence of rising air temperature and lack of precipitation
(IPCC, 2014). Drought impact is less extreme in head watercourses (Poorova et al., 2013b).
Kralovec et al. (2016) confirmed it by indicating a significantly higher runoff in forested
catchment compared to non-forested during dry periods.

Trends in the climatic and hydrological development, as well as the development of
extremes (e.g. increasing frequency and intensity) is possible to reveal by statistical
assessment of determinant parameters for a sufficiently long time period (Lapin, 2013). Such
research was carried out in the south of Slovakia (Blaskovicova et al., 2014). The autors
observed an increasing trend of maximum flow in the Danube catchment. In contrast,
Jeneiova et al. (2014) recorded a decreasing trend of maximum flow in Eastern and Central
Slovakia. Regional differences are also reflected in the minimum flow. Poorova et al. (2013b)
observed the most favorable conditions in minimum flow development in head watercourses
(e.g. Vah, Hron and Sland) and unfavorable in lower courses in the south of Slovakia. These
researches show that the runoff in Slovakia differs regionally. It can be assumed that this
development may regroup into the head watercourses, also into the upper Hron catchment due
ongoing changes.
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2 AIMS OF THE STUDY

The main aim of the research is to study changes of hydroclimatic variables influencing the
runoff regime. Several subsequent steps were taken to reach the goal:

1.

background search of literature focused on changes of hydroclimatic variables in the
Central Europe, Slovakia and Czech Republic which has enabled to form more
comprehensive view on the regional climate change impacts

detection of trends in hydroclimatic variables in the study catcment, mutual
combination of results of climatic and hydrological analyses, comparison of ongoing
changes with climate models forecasts;

extreme floods and maximum runoff development — trend analysis, causes, frequency,
extremity and seasonality;

extreme drought and minimum runoff development — trend analysis, causes,
frequency, extremity and seasonality;

discussion and synthesis of results.

3 STUDY AREA

The impacts of regional climate change on the hydrological regime are presented on the

sub-basin of the Hron river (area 5 465 km?); on the upper Hron catchment. The Hron river is
the second longest river in Slovakia. The Hron springs under the Kralova hol’a Mountain in
the Low Tatras at 934 m a.s.l. and flows into the Danube near Stirovo at 103 m a.s.l. The
upper Hron up to Banska Bystrica (area 1 766 km?, Fig. 1) and up to Zlatno (area 83.7 km?,
were selected as the study basins.
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Fig. I Study area — the upper Hron basin, Slovakia.
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4 DATA AND METHODS

4.1 Data

The database of used data can be divided into two parts: the database created especially
for the observation of the upper Hron flood regime (Blahusiakova and Matouskova, 2012),
and the database for the observation runoff regime and hydroclimatic extremes (Blahusiakova
and Matouskova, 2015, 2016). The first database contains information on: date of occurrence
(culmination), place of occurrence, water level, peak flow, level of flood activity, and causes
and consequences at all floods that had occurred since 1990s. The database was compiled for
the 1931-2010 period. The second database has been complemented gradually. In the first
stage it has included hydrologic data on average daily and monthly discharge from 1931 to
2010, and monthly climatic data from 1931/1961 to 2010. In the second stage the time period
was shortened from 1961 to 2010 with the aim to assess hydroclimatic extremes on daily basis
in a typically headwater basin up to Zlatno. The third stage aimed at the extention of time
period from 1966 to 2012 and comparison of upper Hron with other catchments (in the Czech
Republic and Switzerland). Details on the use of basic as well as calculated climatic and
hydrological values are the part of methodology chapter elaborated by the author.

4.2. Methodology

The scheme in the Fig. 2 briefly describes individual steps in the working procedure
together with references to the relevant journal articles. Tab. 1 presents the summary of all
used methods with the references.

Impact of the reginrlal climate change on the hydrological regime with regard to extremes

Selection of a study area — " .
Y I—I Create a database of hydroclimatic parameters and time series

i
Trends and changes of hydroclimatic parameters Blahusiakovd,
y o Matouskovd (2015)

Flow, air L‘ Finding a break point in the runoff development ‘

temperature,
precip‘ijtation and L Extremity, frequency,
Variability | Changes in maximum values }—» seasonality of floods
snow development

1
T
Hydroclimatic extremes

Blahusiakovd,
Matouskovd (2016}

A

Drought and minimal Floods and
values maximum values |

I ¥ y v

Classification,

extremity, g = -
frequency and ‘_{ Meteorological drought | Trends and Catchment up to
seasonality . " l variability Zlatno station
‘ Hydrological drought ‘
. ]
Blahusiokovd et al. Spatiotemporal analysis of drought FI::md assessment Blahuliakovd,
(submitted _ | Matouskovd (2012}
Addition and extension | .| Added catchments from ‘ Create a database Extremity,
of the database | czech Rep., Switzerland | frequency and
S seasonali
Snow cover and the proportion 2l ty

of precipitation, air temperature
v

Classification and P
analysis of dry periods || ‘ Trends and Correlation

‘ Dry period typology }‘7—r

Catchments grouping : ‘

Flow development,
minimum values

Fig. 2 Main steps of the thesis with links to individual articles.
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The first step was the detection of trends in hydroclimatic variables and their changes
(Blahusiakova and Matouskova, 2015). Mann-Kendal non parametric test (MK test) was
chosen as the main method for a trend detection (Kliment and Matouskova, 2009; Ledvinka,
2016). Constructed simple-mass curves had shown if and when a change in the runoff
development occurred in the study period. A change point which was identified by simple-
mass curves has become a criterion for dividing the study period into two same long periods.
Using comparative analysis (Indicators of Hydrological Alteration software; Richter et al.,
1998) the selected hydrological values were compared in these two periods. In particular,
changes in maximum values were detected. Thus, according to a peak flow flood events were
defined. The extremity, frequency and seasonality of floods were evaluated.

In the second step, hydroclimatic extremes, i.e. droughts and floods were assessed
(Blahusiakova and Matouskova, 2016). The meteorological drought and its occurrence were
analysed using two drought indexes; Relative precipitation index (Novicky et al., 2008)
and de Martonne Aridity index (eMS, 2015). Dry periods were determined also according to
Threshold method. Then their seasonality and frequency were examined. The hydrologic
drought was assessed using two indexes; Low flow index (Poff and Ward, 1989) and Base
flow index (Richter et al., 1998). The separation between high and low flows in the
comparative analysis was done using a single fixed threshold. In this second step, maximum
values were also examined. Especially their seasonality was evaluated.

In the third step the floods were assessed in more detail (Blahusiakova and Matouskova,
2012). From the time perspective, this was the first step that started the whole research in the
upper Hron. The flood frequency was evaluated from 1930 to 2010. The levels of flood
activity were set as a flood-defining criterion. The levels of flood activity also determined the
extremity of floods. The seasonality was determined on the basis of the culmination date.
According to the date, the floods were divided into two flood regimes; winter and summer.

In the fourth step the droughts was assessed in more detail (Blahusiakova et al.,-) with
regard to changes in snow cover. Therefore, the proportion of precipitation occurring as snow
to total precipitation was evaluated using two methods (Tab. 1). Dry seasons were classified
using the Threshold method by Find droughts in R (Gustard a Demuth, 2009). The drought
typology was evaluated according to Van Loon (2015). For trend detection of selected
climatic and hydrological parameters a modified MK test (trend-free prewhitening TFPW)
was used (Yue et al., 2002a). Spatiotemporal analysis was focused on the upper Hron but also
on selected catchments in the Czech Republic and Swiss. So, it was possible to compare the
changes in selected climatic and hydrological parameters in different elevations.

Tab. 1 Used methods.

Trends and changes

Man.n-Kendall test (unmodified Mann (1945), Kendall (1975) Blahusiakova, Matouskova (2015,
version) 2016)

Mann-Kendall test (modified Yue et al. (2002a) Blahusiakova et al. (-)

version)

Comparative analysis Richter et al. (1998) Blahusiakova, Matouskova (2016)
Linear regression MS Excel 2010 2Bézilg)151akova, Matouskova (2015,
Simple-mass curves MS Excel 2010 Blahusiakova, Matouskova (2015)
Correlation and variability

Pearson correlation coefficient Hollander et al. (2013) Blahusiakova et al. (-)

Coefficient of dispersion Richter et al. (1998) 2Bézilg)151akova, Matouskova (2015,
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Floods

Extremity, frequency and
seasonality analysis

the methods below

Blahusiakova, Matouskova (2012,
2015, 2016)

SPA (level of flood activity)

SVP, B. Bystrica; Remzik a
Janko (1987)

Blahusiakova, Matouskova (2012)

N-year flood event (return
period)

Ministry of Forestry and Water
Management of Slovakia (1987)

Blahusiakova, Matouskova (2015,
2016)

Threshold method, Peak flow

Richter et al. (1998)

Blahusiakova, Matouskova (2015,
2016)

Date of culmination

Remzik a Janko (1987), SHMU
a SVP BB

Blahusiakova, Matouskova (2012,
2015, 2016)

Droughts

Extremity, frequency and
seasonality analysis

the methods below

Blahusiakova, Matouskova (2012,
2015, 2016)

Base flow index

Richter et al. (1998)

Blahusiakova, Matouskova (2015,
2016)

Low flow index Poff a Ward (1989) Blahusiakova, Matouskova (2016)
Relative precipitation index Novicky et al. (2008) Blahusiakova, Matouskova (2016)
de Martonne Aridity index eMS (2015) Blahusiakova, Matouskova (2016)
Efi‘ggﬁﬁ t‘l’llz)ig‘)des by glg?gfiak‘”é aMatouskovd g1 siakova, Matouskova (2016)
Find droughts, Threshold method  Gustard a Demuth (2009) Blahusiakova et al. (-)
Typology of droughts Van Loon (2015) Blahusiakova et al. (-)

Proportion of precipitation

Snowfall fraction Jenicek et al. (2016) Blahusiakova et al. (-)

Snow day ratio Sawicz et al. (2011) Blahusiakova et al. (-)

S SYNTHESIS AND DISCUSSION

The significant changes in hydroclimatic variables in the upper Hron catchment have
occurred since the 1980s, with more pronounced trends since the 1990s. The observed
decrease in runoff correlated with a significant decrease of maximum runoff, an increase in air
temperature, a decrease in snow cover and snowfall fraction and seasonal changes in
precipitation totals. It is associated with decreases in the occurrence of events where discharge
is > Q, as well as more frequent occurrence of dry episodes in cold season.

5.1 Rainfall-runoff regime trends

The most significant trends from all investigated parameters were examined at air
temperature (Blahusiakova and Matouskova, 2015). An increasing trend was observed at all
stations, with the most pronounced trends at the south located stations. In the study catchment,
the mean annual air temperature has risen from 0.4 to 1.2°C since the 1980s, which is
comparable to the Czech mountain catchments (Kliment et al., 2011). An increase in monthly
air temperature was the most significant from May to August during warm season (V.-X.).
This trend was also observed in the European region by Luterbacher et al. (2016). In the cold
season (XI.-IV.) air temperature increased most in April and January (Fig. 3). An increase in
April's air temperature is underlined by the fact that it is not uncommon that short heat waves
to appear at the end of April (Vyberci et al., 2015) or early May (Labudova et al., 2015) in
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recent years. This is related to the warming in recent decades, which is the most significant
over the past 2000 years (Luterbacher et al., 2016).
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Fig. 3 Comparison of mean monthly air temperature in 1981-2012 with long-term mean monthly air
temperature in 1951-1980 for Telgart in cold season.

No evidence of statistically significant changes was found in the assessment of annual
precipitation. However, changes in their distribution over the year were observed. An increase
was observed in May and a slight decrease in November and February. The increasing trend
of winter precipitation recorded in Slovakia (Zelenakova et al., 2017) and in some other
catchments of Central Europe (Hénsel et al., 2007; Kliment et al., 2011) has not been
significantly confirmed in the upper Hron. Significant changes have not yet occurred in
summer and autumn.

In the cold season, there were significant changes in fraction of snowfall to total
precipitation (Blahusiakova et al.,-), shown in Fig. 4 by falling snowfall fraction. This
decrease is significant especially in the spring. The main reason is an increase in air
temperature, which especially in the second half of the spring negatively affects the duration
and amount of snow cover. The decreasing trends were recorded by Fasko et al. (2018) in
Slovakia, by Brazdil et al. (2009) in the Czech Republic or by Jenicek et al. (2016) in
Switzerland. This was most apparent at middle and lower elevations (up to about 1500 m).
These elevations are exposed to more frequent precipitation changes and are more prone to
snowfall. The results of air temperature threshold for determination of proportion of
precipitation occurring as snow showed that the increasing threshold value from 0 to 1°C
resulted in more frequent and stronger decreasing trends of snowfall fraction (snow day ratio),
especially at middle and lower elevations.

A seasonal shift of continuous snow cover from December-February to January-March
was observed. This shift is related to the increase in air temperature at the beginning of winter
and was confirmed by decreasing number of days with snow at some stations, especially at
the beginning and end of the winter season. The value of the maximum snow cover depth also
decreased at several stations.
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Fig. 4 Development of snowfall fraction values during cold season (X1.-1V.) in Telgart in 1966-2012.

The runoff assessment confirmed its significant decrease in all gauging stations in 1931-
2010 (Blahusiakova a Matouskova, 2015). Fig. S shows the most pronounced decrease in B.
Bystrica. The figure also shows an increase in air temperature, decrease in snow cover depth
and the development of precipitation totals. However, the significant trends did not appear
after shortening time series since the 1960s, with the exception of B. Bystrica. A decrease was
confirmed by the findings of Mind’as et al. (2011) who observed regional differences in the
runoff development in Slovakia. A more marked decrease is observed in the southern and
central Slovakia, where the upper Hron lie. The upper Hron is classified as a catchment with a
decreasing long-term runoff (Poorova et al., 2013a). Similar results were observed in the
development of the seasonal runoff in 1931-2010. A significant decrease in cold (November
to February) and warm season (June) was detected. Only the summer (June) and spring runoff
(May) was significantly decreasing after shortening time series since the 1960s. This is due to
increase in air temperature and decrease in rainfall. Shortening the end of the time series
(1960-1990) only the winter runoff significantly decreased in November and December,
which is related to the expected increase in the winter runoft.

Hlavcova et al. (2010) predict an increasing trend in runoff from November-December
to February-March and decreasing trend from May to October/November for the upper Hron.
Such an expected development of winter runoff was not confirmed by our analysis. The
positive trend in winter runoff was observed only after shortening time series and, on the
other hand, prolonged it by the last decade (1961-2015). However, this trend is not
statistically significant. A spring and summer runoff have been significantly decreasing at
some stations since the 1960s. Significant trends of increasing winter and decreasing spring
and summer runoff were already observed on several catchments of Central Europe (Kulasova
et al., 2008; Kliment et al., 2011). Our results from the Czech Republic and Switzerland also
confirmed this development (Blahusiakova et al., -).
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Obr. 5 Development of hydroclimatic values (mean annual discharge Qr, air temperature Tr,
precipitation amount Pr and snow cover depth SCDr) in B. Bystrica in 1961-2010.

The trend analysis confirmed that the length of the selected time series plays an
important role in the detection of trends, because it affects the frequency of statistically
significant trends (Yue et al., 2002b). Testing on different long time series and their
combinations really confirmed that the most numerous trends have been in the longest time
series since the 1930s. Comparing the results of the unmodified and modified version of the
MK (Fig. 6), it can be concluded the results of both versions are quite comparable, with
somewhat stronger trends for the unmodified version.
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Fig. 6 Comparison of results of the unmodified (U) and modified (M) MK test for Zlatno and Telgart
in 1966-2012; Q — discharge, Q... — the lowest discharge, Qg — the level at which discharges are
exceeded 90% of the time, T — air temperature, P — precipitation, Sd — snow cover depth, Sd,.. —
maximum snow cover depth, Sf— Snowfall fraction, Rsp — Snow day ratio.
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5.2 Flood and maximum runoff assessment

According to the results of the MK test and the comparative analysis, the maximum
runoff decreased in the upper Hron. The annual, seasonal and daily maximum discharge
significantly decreased in 1931-2010 (Blahusiakova and Matouskova, 2015). The most
pronounced decrease in the cold season occurred in March, confirmed by a decrease in 75
percentile monthly discharge value (Fig. 7). However, the maximum discharge decreased
significantly in February, November and December. The most pronounced decrease in the
warm season was recorded in October and July. By contrast, an increase was recorded in
January and September. The largest decrease occurred in value of 1-, 3-, and 7-day maximum.
The results confirmed the research of Jeneiova et al. (2014), which recorded a generally
decreasing trend of maximum runoff in the catchments of Eastern and Central Slovakia.
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Fig. 7 Development of maximum monthly discharge (QOn.) and 75-percentile monthly discharge
(O75per) in Zlatno between 1951-1980 and 1981-2010.

Approximately since the 1980s the frequency and extremity of floods was decreased. At
the same time the flood seasonality was changed (BlahuSiakova and Matouskova, 2015,
2016). The occurrence of floods with reached or exceeded discharge > Q;, Qs, Q29, Qso and
Q100 was evaluated. Events with discharge > Qs and greater occurred only in 1951-1980, with
the most extreme floods being recorded in 1954 and 1974 in this study period. Fig. 8 shows
the decreasing frequency and seasonality of events > Q. Floods occurred most often at the
end of winter and during spring in the study catchment. Their number was significantly
decreased, especially in April. The most frequent floods occurred in the first half of summer
and fall during warm season. The recorded shift in the occurrence of events > Q; from spring
to late summer to early autumn correlates with a decrease in maximum values. Parajka et al.
(2009) indicated the same shift in the seasonality of floods in mountainous areas of Central
Slovakia. A predicted shift in the peak flow from late spring to its beginning observed in the
Sumava Mountains in the Czech Republic (Langhammer et al., 2015), and wchich was related
to increase in air temperature and shortening the duration of snow cover has not yet been
confirmed in the study catchment. However, the shift in the seasonality suggests a possible
change in the prevailing type of floods in connection with the increase in air temperature and
the predicted extreme rainfall in the warm season. On the other hand more frequent and
pronounced air temperature fluctuations can cause the faster snow melting, and when rain will
added to it, it can increase water levels during the winter.
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Fig. 8 Frequency and seasonality of events > Q; in B. Bystrica in the period 1951-1980 and 1981-
2010.

5.3 Drought and minimum runoff assessment

The evaluation of the frequency, extremity and seasonality of meteorological drought
showed that dry episodes were more frequent in the upper Hron in the cold season during
1961-2010. The highest frequency was observed in 1975 and 1984. There were more frequent
in January and March, which is typical for the mountain catchments with snow accumulation
in winter. The longest occurred between February and April (1974 and 2003) and correlated
with lack of snow cover and minimum discharge. The results confirmed the upper Hron is one
of the Slovak catchments characterized by the largest frequencies of winter long-lasting dry
episodes (Demeterova and Skoda, 2009). The results also recorded a lower frequency of dry
episodes in warm season. These were the most frequent in October.

The occurrence of meteorological drought correlates with hydrological drought. For
example, the hydrological drought with a large water deficit in 1986-1987 caused primarily
by the lack of rainfall (Fig. 9). Demeterova and Skoda (2009) point to a more frequent
occurrence of long-lasting droughts (longer than 30 days, occur more than three times every
10 years) in the study catchment. Higher frequency and prolongation of hydrological drought
has been reported in Zlatno since the 1980s. Fig. 10 shows the volume of drought deficit,
which increase with the prolongation of hydrological drought.

Statistical evaluation of annual minimum discharge revealed significant trends only in
1931-2010, with the greatest decrease in Q33 (Blahusiakova and Matouskova, 2015). Since
the 1960s, significant trends were being lost. Just since the 1930s, there was a statistically
significant decrease in winter runoff (the largest in December and January). After shortening
the time series, winter runoff trends change to positive but were not statistically significant. In
the 1-, 3-, and 7-day minimum discharge, there was weak increase and a slight decrease in the
30- and 90-day minimum discharge. There was no shift in the date of minimum occurencce in
the cold season. However, in the warm season, the occurrence of the minimum discharge
shifted from September to August, which is related to the observed increase in the minimum
in autumn.
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Fig. 10 An overview of the hydrological drought lasting more than 30 days for Zlatno in 1961-2012;
numbers indicate the water deficit in m’.

The investigation of the hydrological drought typology with regard to the snow cover
(Blahusiakova et al., -) confirmed that water deficits were more frequent in the cold season in
the study catchment. The most common drought types were warm snow season drought A and
cold snow season drought A. These types are affected by air temperature development
(positive or negative) and impact on precipitation and proportion of precipitation occurring as
snow. The drought type warm & cold snow season drought A with the greatest correlation
between snow developments in previous winter and summer low flows did not appear in the
catchment. The climate models predict a negative impact on summer low flows due to
negative snow cover development (Roncak et al., 2019). The snow cover is already
significantly decreasing in the catchment and air temperature influences snowfall and
increases the evaporation. So it cannot be ruled out that under ongoing changes, there will be
no warm & cold snow season drought A in the coming decades. Mountain and foothill
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catchments with this prevailing type of drought thus seems to be most at risk of regional
warming. Therefore, it would be good to investigate the occurrence of this drought type, even
in other catchments.

6 CONCLUSION

The upper Hron catchment is sensitive, both to regional climate warming and changes in
climatic variables, which have a significant effect on the runoff. The 1980s can be considered
a change point in the development of all assessed climatic and hydrological variables. The
observed decrease in runoff correlated with a significant decrease of maximum runoff, an
increase in air temperature, a decrease in snow cover and snowfall fraction and seasonal
changes in precipitation totals. It is associated with decreases in the occurrence of events
where discharge is > Q; as well as more frequent occurrence of dry episodes in cold season.

Runoff regime of the upper Hron is nivo-pluvial and therefore any changes in the
winter/spring season will significantly affect the annual runoff. This has been confirmed in
the study catchment. Significant changes occured in air temperature. The relatively higher air
temperature during cold season caused lower snow depth, furthermore, snowfall fraction
progressively decreased. The snow seasons become shorter at both ends — the snowpack
accumulation starts later and the snowmelt is occurring earlier. These changes should cause
higher winter discharges. Hlavcova et al. (2010) predict an increase of winter runoff for the
upper Hron. Such an expected development was not yet confirmed by our analysis. This result
is also related to decrease in the maximum runoff and events where discharge is > Q;. The
occurrence of events > Q; shifted from the winter-spring season to late summer and autumn.
Dry episodes were common in the cold season, which is typical for the mountain catchments.
The upper Hron is one of the Slovak rivers where the largest frequencies of winter long-
lasting dry episodes occur (Demeterova and Skoda, 2009). But can be assumed that the
number of spring and summer dry episodes will increase what climate models predict
(Roncak et al., 2019). This indicates a detected significant decrease of spring runoff in the
study catchment. However, observed changes are less pronounced in the upper Hron
compared to the selected Czech and Swiss catchments. A more pronounced decrease of spring
and summer minimum discharge has already been observed in some of these catchments. The
reason may be a slightly increase in air temperature and less pronounced changes in
precipitation totals in the upper Hron in the cold season.

The trend analysis confirmed that the length of the selected time series plays an
important role in the detection of trends, which was mainly confirmed when assessing the
runoff in the cold season. The expected increase of winter runoff, typical for mountain
catchment of the Central Europe, cannot be confirmed in the upper Hron.

The results of this study point to regional changes in the upper Hron and extend such
research on climate change in the Central Europe. They can help in the interpretation of
current and future extremes, in the rainfall-runoff modelling, in the prediction of the impact of
climate change influenced by ongoing changes and in the development of strategies and
measures to mitigate the impact of hydroclimatic extremes.
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