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Abstract

Contribution of snowfall to runoff is especially important in snow-dominated regions where
hydrological processes are mostly influenced by snowmelt. In this study, the contribution of snowfall
to runoff in Tiirkiye for the last 21 years was examined in the light of the hydrological model results
globally provided by National Aeronautics and Space Administration. The model outputs of the
Global Land Data Assimilation System v2.1, in which observed and remote sensing products are
assimilated, were used in this study. The snow dominant regions of Tiirkiye for the last 21 years were
revealed, and the ratio of the spatially averaged maximum snow water equivalent to runoff (Rsr)
values, an indicator showing snowmelt contribution to runoff, were calculated for a period of 11-years
from 2000 to 2021 (period 1:2000-2010, period 2: 2011-2021). These Rsr values were compared
across Tirkiye to see whether they were decreasing or increasing in the snow-dominated regions.
According to the results of the analysis, Rsr values are decreasing in all snow-dominated regions. Rsr
values decreased by up to 50 percent in the last 11-year period in the regions receiving high snowfall,
such as the upper Euphrates basin.
Keywords: hydrology, snow, runoff, climate change, global warming

Oz

Hidrolojik stireglerin ¢ogunlukla kar erimesinden etkilendigi kar baskin bdlgelerde, kar yagisimin
yiizey akisina katkist oldukg¢a 6nemlidir. Bu ¢alismada, Ulusal Havacilik ve Uzay Dairesi’nin kiiresel
hidrolojik model sonuclart 1s18inda Tiirkiye'de son 21 yilda kar yagisinin yiizey akigina katkisi
incelenmistir. Bu ¢alismada, gozlemlenen ve uzaktan algilama {irlinlerinin asimile edildigi Global
Land Data Assimilation System v2.1 model ¢iktilar1 kullanilmigstir. Tiirkiye'nin son 21 yildaki kar
baskin bolgeleri ortaya cikarilmis ve kar erimesinin akisa katkisi gdstergesi olan alan agirlikli
ortalama maksimum kar suyu esdegerinin akis degerlerine orant (Rsr) iki ayr1 11 yillik donem igin
hesaplanmistir (2000-2010, 2011-2021). Bu Rsr degerleri, kar yagisli bolgelerde azalma olup
olmadigint gérmek igin Tiirkiye genelinde karsilastirilmistir. Analiz sonuglarina gore, kar baskin tiim
bolgelerde Rsr degerlerinin diistiigii sonucuna varilmustir. Yukar: Firat Havzasi gibi yiiksek kar yagisi
alan bolgelerde son 11 yilda Rsr degerleri ylizde 50'ye varan diislis gostermistir.

Anahtar sézciikler: hidroloji, kar, akus, iklim degisikligi, kiiresel isinma
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Introduction

Snowpack is highly sensitive to temperature changes. The sensitivity against
temperature is more observable by the change of runoff characteristics with respect
to the increase in temperature at snow-dominant regions where winter precipitation
is dominated by snowfall. In these snow-dominant regions, the decrease in snowfall
in the winter season results in a decreasing amount of snowpack that would melt in
the spring and summer months. In addition, increasing temperatures accelerates the
snow melting, thus can pull back the period of the snow melting by a couple of
weeks. Earlier seasonal snowmelt and lesser amount of snowfall considerably
reduces the water availability in the summer months when water usage is at its peak.
This poses the risk of insufficient reservoir capacities in dry seasons, endangering
many water-dependent sectors. Barnett et al. (2005) review some case studies in
which some water problems are associated with shifts in the seasonality of runoff,
such as possible future reductions in hydroelectric production or severely damaging
the fish populations. These kinds of water problems associated with snow losses are
monetarily quantified at a trillion dollars level (Sturm et al., 2017).

Variability in the volume and seasonal variation of snowpack is well examined
with hydrologic analysis and observational data. For example, Adam et al. (2009)
conclude that projected losses in the snowpack and warm-season runoff are linked
to warming temperatures in snow-dominated regions. It is observed from the remote
sensing data that snow-water equivalent (SWE) values in mountain systems have a
negative trend for both the continental scale and mountain systems (Bormann et al.,
2018). Analyzes of the timing of snowmelt at the observation stations in the snow-
dominated regions show that the peak times of snow-related runoff are shifted to
earlier times away from warmer months (Tan et al., 2011; Dudley et al., 2017; Uzun
et al., 2021). Jain et al. (2010) use remote sensing data in order to estimate the
snowmelt runoff under different warming climate scenarios and find that more
snowmelt runoff occurr earlier due to the increased snow melting, although there is
not much change in total runoff.

The effect of snowmelt on the runoff is analyzed by a variety of methods, such
as the ratio of snowfall to the total precipitation (Barnett et al., 2005), snowfall to
total runoff (Barnett et al., 2005), and degree-day approaches (Kayastha & Kayastha,
2020). According to studies of Kang et al. (2014) and Islam et al. (2017) on SWE
contribution to runoff generation, significant decreases are found in the ratio of
snowmelt contribution to runoff in the snow-dominant regimes.




Furkan Yunus Emre Cevahir, Mustafa Berk Duygu
Turkish Journal of Water Science & Management 7 (1) (2022) /105 - 118

Tiirkiye has snow-dominated regions due to the abundance of mountainous
areas. Especially in the Eastern Anatolia Region of the country, where the
mountainous regions are dense, snowfalls are heavy and the amount of runoff in the
warmer months strongly depends on the snowmelt. The effects of climate change on
water resources in these regions are investigated in some projection-based studies.
For example, according to the study conducted in the Upper Euphrates Basin, which
constitutes 50 percent of the Euphrates Basin, snowmelt occurs earlier and the runoff
decreases in warmer months as the projected temperature increases in the basin
(“Assessment of Climate Change Impacts on Snowmelt and Streamflows Project,
2019). According to a hydrological sensitivity study on another snow-dominated
region, Upper Kizilirmak River Basin, the surface runoff decreases in warmer
months with the increased temperature (Cevahir, 2019). The relationship between
snowmelt and temperature on a regional is examined in such studies in Tiirkiye (e.g.
Yucel et al., 2015). Even though these studies are based on the projections, there is
aneed for a observation-based study across Tiirkiye on the change in the contribution
of snowmelt to runoff.

The objective of this study is to examine the change in the snowmelt
contribution to runoff generation in Tirkiye for the last 21 years with the data
provided by NASA’s (National Aeronautics and Space Administration) Global Land
Data Assimilation System v2.1 (GLDAS v2.1).

Method

NASA’s GLDAS v2.1 provides monthly global hydrological and
meteorological data (spatial resolution of 0.25° x 0.25°) forced with a combination
of model and observation data from 2000 to present (Beaudoing & Rodell, 2020;
Rodell et al., 2004). The more detailed information for the data products are released
in NASA website (NASA GES DISC, 2020). Please also see “Readme” document
of the GLDAS (Rui & Beaudoing, 2019).

To examine the dependence of the runoff on snowmelt in Tiirkiye, a ratio of
snow contribution to runoff generation (Rsr) was quantified for each water year
(Déry et al., 2005; Kang et al., 2014). Rsr is calculated by (Eqn. 1):

_ SWEmelt

Ry, = ———#(1
ST Zé\]=1Rt ( )
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where R is runoff (mm/day) and N is 365 or 366, depending on whether a given year
is a leap year or not. In order to account for the water years, t=1 marks 1 October of
the given year. SWE,,.;+ is calculated by (Eqn. 2):

SWEmeir = SWEpax — SWEmin#(z)

where SWE,, ., 1s the maximum snow water equivalent of the year, and SWE,,;, is
the minimum snow water equivalent of the year. For this study, SWE is 3-hourly
instantaneous data, which is given at the end of each 3-hour period. Snow water
equivalent and total runoff are the outputs of the dataset from GLDAS v2.1 between
2000 and 2021. In the dataset, SWE is stated as “snow-depth water equivalent”
(kg/m?). Total runoff is the sum of “subsurface runoff” (kg/m?/3hr) and “surface
runoff” (kg/m?/3hr). To compute monthly total runoff, the sum of subsurface runoff
(kg/m?/3hr) and surface runoff (kg/m?/3hr) is multiplied by 240 (8{3hr/day} *
30{days}). The years 2000 to 2021 were divided into two 11-year periods. Rsr values
were calculated for the years between 2000-2010, and 2011-2021 (including 2000
and 2021).

Results and Discussion

Figure 1 showed the country average of Rsr values calculated for each year
between 2000 and 2021 in Tiirkiye. In Figure 1, small gray dots represented the value
in each GLDAS pixel, magenta lines represented the mean values and green lines
represented the median values. From Figure 1, it can be seen that apart from the
peaks occurring in 2012 and 2017, the Rsr values showed a decrease in the second
period (see the comparison of the periods at the bottom-right corner in Figure 1). The
Rsr values calculated for the two periods (2000-2010 and 2011-2021) and the
comparison of these periods across Tiirkiye were shown in Figure 2. Figure 3 showed
the Rsr values of each basin for two periods. From Figure 2 and 3, generally, Firat-
Dicle (Euphrates — Tigris), Aras (Araks), Coruh (Chorokhi), Eastern Black Sea
Region, around the city of Sivas, which is the upstream of the Kizilirmak Basin and
Yesilirmak, Eastern and Southern parts of the Western Black Sea Basins were the
regions where the runoff was heavily fed by snowfall (Rsr >0.50). Conversely, the
western side of Tlirkiye, the western part of the Central Anatolian region, the Aegean
and Mediterranean were outside the snow-dominated regions (Rsr<0.50). Rsr values
lower than 0.50 were excluded to assess in the current study as the effect of snow on
the runoff were negligible.
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Figure 1

Box Plot for The Change of Rsr Values of Tiirkiye-Wide Averages from 2000 to 2021
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Note. Magenta lines represent the mean values and green lines represent the median
values.

Overall, among the snow-dominated regions, the Rsr values decreased in the
upstream regions of the Upper Euphrates, Lake Van, Upper Kizilirmak, Eastern
Black Sea, northern parts of Seyhan, and the eastern parts of Tigris basins in the last
11-year period, compared to period of 2000-2010. The decrease in the Rsr values in
these regions are also apparent in Figure 3, where there are more scatter points below
the diagonal line. The decrease in Rsr is consistent with the results of the climate
projections in Tirkiye. In the climate change projections of these basins, a quite
amount of snowfall will be replaced by rainfall in the future (Climate Change
Impacts on Water Resources Project, 2016). Particularly in the Upper Euphrates
basin, the decrease in Rsr values of up to 50 percent in the last 11 years is remarkable
compared to the first 11-year period. The SWE in these regions, such as the Western
and Southern parts of the Palandoken Mountains, Mercan, Tecer and Tahtali
Mountains, decreased in the last 11 years, compared to the first 11-year period
(Figure 4 and 5). Rsr values show a decrease in these regions mostly due to decreases
in SWE.
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Figure 2.a

The Averages of the Rsr Values for the Period of 2000-2010
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Figure 2.b

The Averages of the Rsr Values for the Period of 2011-2021
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Figure 2.c

The Percentage Change of the Mean Values of Rsr Whose Values Are Greater
Than 0.50

Between These Two Periods Across Tiirkiye
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Figure 3

Scatter Plots of Rsr Values Calculated For Both Periods of All Basins in Tiirkiye
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Figure 4

The Percentage Change of SWE Between the Averages of Period of 2000-2010 and

the Averages of Period of 2011-2021 Across Tiirkiye
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Figure 5

Scatter Plots of SWE (Kg M-2) Values for Both Periods of All Basins in Tiirkiye
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Additionally, From Figure 6, it is noteworthy that the runoff values decreased
significantly (i.e. more than roughly 20 percent fall in the black sea cost) in the last
11-year period for the most parts of Tiirkiye. The decreases in the runoff values,
especially on the western side of the middle of the Black Sea coast, in the Coruh
(Chorokhi), Eastern Black Sea, Yesilirmak and Western Black Sea Basins, stood out
compared to other regions. The decreases amount of runoff in these regions was
related to decreases in total precipitation as well as decreases in snow water
equivalent. For other basins, such as parts of the Central Anatolian, Aegean and
Mediterranean Regions, where mountainous regions are scarce and snow is not
dominant form of precipitation, the decreases in the runoff values are due to
decreased rainfall or increased evaporation (Figure 6).

The results in the current study, which are mostly in line with the climate
projections of the Coupled Model Intercomparison Project 5 (CMIP5) (Taylor et al.,
2011) [except for the slightly decreased about 10 percent precipitation trend
estimated by the current study in the Eastern Black Sea Region where the amount of
precipitation was shown to be a moderate increase at the future projections according
to the most Global Climate Models (Demircan et al., 2017)], showed that the water
availability in the snow-dominated regions of Tiirkiye were adversely affected in the
last decade compared to earlier period. The decrease in the Rsr values, which has
manifested itself in the last 11 years, can be expected to accelerate in the future,
where record temperatures have been experienced recently almost every year. Since
the energy generation is reliant on snow-fed freshwater resources in the snow-
dominated regions of the Firat (Euphrates), Dicle (Tigris), Eastern Black Sea,
Yesilirmak, and Kizilirmak Basins, the concern of insufficient electricity production
may be encountered in the not-too-distant future.
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Figure 6

The Percentage Changes of Snow, Precipitation, Evaporation and Runoff Values

Between the Averages of These Two Periods Across Tiirkiye
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Conclusion

This study sought to identify the snow-dominated regions in Tiirkiye with the
model outputs data globally shared by NASA GLDAS v2.1 for the last 21 years and
to compare the changes in snow contribution to runoff in these regions over 11-year
periods. For this purpose, Rsr values for the years 2000 and 2011, and 2011-2021
were calculated and the averages of the Rsr values for these periods were spatially
represented in Tirkiye. Then, the changes of Rsr values in both periods were also
shown and analyzed.

According to the results, in accordance with the climate projections of the
CMIPS5 (Taylor et al., 2011, p. 5) , there has been a decrease in SWE in the most of
the snow-dominated regions in the 2011-2021 period compared to the period of
2000-2011. The Rsr values generally decreased in almost all snow-dominated
regions. In addition, it has been observed that the runoff decreased in the last 11-year
period in the most area of Tiirkiye, regardless of whether the region is snow-
dominated or not. All these results generated based on NASA GLDAS v2.1 model
outputs can be seen as another indication for the predictions that there will be
insufficient water availability in the future in snow-dominated regions where the
hydrological energy potential are high.
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Extended Turkish Abstract
(Genisletilmis Tiirkce Ozet)

Tiirkiye Genelinde Kar Erimesinin Akisa Katkisindaki Degisimin Incelenmesi

Kar ortiisii, sicaklik degisimine karsi oldukga hassastir. Kis yagislarinda kar yagislarinin hakim
oldugu kar baskin bolgelerde sicakliga karst duyarlilik, daha fazla gozlemlenebilir. Kar yagisinin
yogun oldugu bu bdlgelerde, artan sicakliklarla beraber, kis mevsiminde kar yagiginin azalmasi,
ilkbahar ve yaz aylarinda eriyecek olan kar miktariin azalmasina neden olur. Ayrica artan sicakliklar
karm erimesini hizlandirmakta, dolayistyla karin erime zamanimi daha sicak aylardan daha soguk
aylara ¢cekebilmektedir. Karlarin erken erimesi ve daha az kar yagisi, su kullaniminin en yogun oldugu
yaz aylarinda su miktarin1 dnemli dl¢lide azaltir. Bu durum, kurak mevsimlerde yetersiz rezervuar
kapasitesi riskini ortaya cikararak suya bagimli birgok sektorii tehlikeye atmaktadir. Bu konuda
yapilan ¢aligmalar gostermektedir ki bazi suya bagli sorunlar (gelecekte hidroelektrik iiretiminde olas1
azalmalar veya balik popiilasyonlarina ciddi zararlar gibi) akintinin mevsimselligindeki degisimlerle
iligkilidir ve kar kayiplariyla iliskilendirilen bu tiir su sorunlari, maddi olarak trilyon dolar diizeyinde
Olclilmektedir.

Tiirkiye’de daglik alanlarin bol olmasi nedeniyle yogun kar yagisi alan bircok bdlge
bulunmaktadir. Ozellikle daglik bdlgelerin yogun oldugu Dogu Anadolu Bélgesi bol kar yagist alir
ve sicak aylardaki yiizeysel akis miktar1 kis aylarinda yagan karlarin erimesine baglidir. Iklim
degisikliginin bu bolgelerdeki su kaynaklari tizerindeki etkileri bazi projeksiyon tabanli ¢aligmalarla
aragtirllmistir. Ornegin, Firat Havzasinin yiizde 50'sini olusturan Yukar1 Firat Havzasinda Su
Yénetimi Genel Miidiirliigii’nce yiiriitiilmiis olan iklim Degisikliginin Kar Erimelerine Etkisinin
Belirlenmesi Projesine gore, havzada 6ngoriilenin tizerinde sicaklik arttik¢a kar erimesi daha erken
gergeklesmekte ve sicak aylarda yiizey akist azalmaktadir. Diger bir kar yagisli bolge olan Yukari
Kizilirmak Havzasinda, sicak aylarda artan sicaklikla birlikte yiizey akis1 azalmaktadir. Bu ¢aligmalar,
projeksiyon tabanli ¢alismalar olduklarindan, son 21 yilda kar erimesinin akisa katkisinin degisimi
konusunda Tiirkiye genelinde gozleme dayali bir ¢alismaya ihtiya¢ duyulmustur. Kar erimesinin akis
tizerindeki etkisi, kar yagisinin toplam yagisa orani, kar yagislarinin toplam akisa oran1 ve derece-giin
yaklagimlart gibi ¢esitli yontemlerle analiz edilmis ve bu yontemler kullanilarak yapilan ¢aligmalarda
Kar-su esdegerinin (KSE) yiizeysel akis olusumuna katkisinda dnemli diistislerin oldugu goriilmiistiir.

Bu calismada, NASA'nin son 21 yildan gliniimiize degin kiiresel olarak paylastig1 ve uzaktan
algilama ve diger verilerin girdi olarak kullanildig1 Kiiresel Hidrolojik Model (GLDAS v2.1) ciktilari
kullanilarak Tiirkiye'deki kar baskin boélgeler belirlenmis ve bu bdlgelerde karn yiizey akisina
katkisindaki degisim, 11 yillik iki donem halinde karsilastirilmistir. Bu amagla, 2000-2010 ve 2011-
2021 periyotlar1 i¢in Kar Erimesinin Yiizey Akisina Orani (Rsr) degerleri hesaplanmis ve bu
donemlere ait Rsr degerlerinin ortalamalari Tiirkiye lizerinde mekansal olarak temsil edilmistir. Daha
sonra Rsr degerlerinin her iki donemdeki degisimleri de gosterilmis ve analiz edilmistir.

Genel olarak, hesaplanan Rsr degerlerine gore, Firat-Dicle, Aras, Coruh, Dogu Karadeniz
Bolgesi, Sivas ili ¢evresinde Kizilirmak havzasimin membasi ile Yesilirmak, Dogu ve Bati Karadeniz
Havzalarinin giiney kisimlari, yiizey akisinin yogun olarak kar yagisiyla beslendigi bolgelerdir (Rsr
>0.50). Buna karsilik, Tiirkiye'nin batisi, I¢ Anadolu bdlgesinin batisi, Ege ve Akdeniz kar yagish
bolgelerin disindadir (Rsr<0.50). Rsr degerleri 0,50'den diisiik ise karin akig iizerindeki etkisi ihmal
edilebilir diizeyde demek oldugundan bu ¢aligmada degerlendirilme diginda tutulmustur.
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Rsr degerleri hemen hemen tiim kar yagish bolgelerde azalmaktadir. Kar yagisl bolgelerden
Yukari Firat, Van Gold, Yukar1 Kizilirmak, Dogu Karadeniz, Seyhan'i kuzeyi ve Dicle havzalarmin
dogu kesimlerinde son 11 yillik (2011-2021) donemde Rsr degerleri ilk 11 yillik (2000-2010) déneme
gore azalmustir. Ozellikle Yukari Firat ve Van Golii Havzalarinda son 11 yilda Rsr degerlerinde yiizde
50'ye varan diisiis, diger bolgelere nazaran dikkat ¢ekicidir. Benzer sekilde, 2011-2021 déneminde
kar yagish bolgelerin ¢ogunda 2000-2011 donemine gére KSE’de kayda deger bir azalma olmustur.
Palandoken Daglari'nin bati ve giiney kesimleri, Mercan, Tecer ve Tahtali Daglar1 gibi bolgelerde
KSE, ilk 11 yillik doneme gore son 11 yilda dikkate deger sekilde azalmistir. Bu bolgelerde Rsr
degerleri daha ¢ok KSE'deki azalislara bagl olarak disiis gostermektedir.

Bir baska vurgulanmasi gereken nokta olarak, bolgenin karla kapli olup olmamasina
bakilmaksizin, Tiirkiyenin ¢ogunda son 11 yillik donemde yiizeysel akis oranlarinin azaldiginin
gozlenmesi ifade edilebilir. Ozellikle Orta Karadeniz kiyisin bati yakasinda, Coruh, Dogu
Karadeniz, Yesilirmak ve Bati1 Karadeniz havzalarinda akistaki azalma diger bdlgelere gore dikkatle
izlenmeyi gerektirmektedir. Bu bolgelerdeki akistaki azalmalar, toplam yagistaki azalmalarin yani
stra kar suyu esdegerindeki azalmalarla da ilgilidir. I¢ Anadolu, Ege ve Akdeniz Bélgeleri gibi daglik
bolgelerin az oldugu ve karin hdkim olmadigi diger havzalarda ise yagislarin azalmasi veya
buharlagsmanin artmasindan kaynaklanmaktadir.

5. Birlesik Model Karsilagtirma Projesi (CMIPS) ve Su Yonetimi Genel Midiirliigiiniin
yiiriitmiis oldugu “Su Kaynaklarinda iklim Degisikligine Uyum” projesinin iklim projeksiyonlari ile
uyumlu olan mevcut ¢aligmanin sonuglarina gore, icme suyu icin kar yagisina yiiksek oranda bagiml
olan Tiirkiye'nin kar yagish bolgelerinde su mevcudiyeti iklim degisikliginden olumsuz etkilenmeye
baslamistir. Son 11 yilda Rsr degerlerindeki diisiisiin, son yillarda neredeyse rekor sicakliklarin
yasandigir Tirkiye'de gelecekte daha da hizlanmasi beklenebilir. Firat, Dicle, Dogu Karadeniz,
Yesilirmak ve Kizilirmak Havzalarinin karla kapli bélgelerinin yiiksek enerji tiretimli bolgeler oldugu
disiiniildiigiinde, su yeterince mevcut olmadiginda enerji tiretimi sorunlarinin ¢ok uzak olmayan bir
gelecekte tecriibe edilecegi asikardir.






