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Abstract. Central Asia is in large parts dominated by low water management strategies (O’Hara, 2000), and many
precipitation and, consequentially, by low water availability. more (EDB, 2009; Lioubimtseva and Henebry, 2009).
Therefore, changes of natural water resources induced by cli- Within this integrated model study the hydrological and
mate change are of high interest. The aim of this study is towvater use model WaterGAP3 (Water — Global Assessment
analyse the potential impact of climate change on Centraand Prognosis) is applied to all river basins located in Kaza-
Asian water resources until the end of the 21st century and ti&hstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan,
point out the main affected regions. Thus, simulations with Southern Russia, North-Western China, and Mongolia in five
the large-scale hydrology model WaterGAP3 for the base-arc minutes spatial resolution (6 x 9 km per grid cell). Fur-
line and scenario periods were performed with outputs fromthermore, an overview of the Central Asian water resources
three General Circulation Models (GCMs: ECHAMS, IPSL- of the last three decades is given. To verify the plausibility
CM4, and CNRM-CM3) and two IPCC-SRES emission sce- of the model results, simulated river discharge is compared
narios (A2 and B1). The results show that mean modelled anto observed river discharge. At this point, the impact of daily
nual water availability increases for all scenarios and GCMsclimate input data compared to monthly climate input data
while CNRM-CM3 induces the wettest water situation for on modelled monthly river discharge is examined. Following
the 2085s and ECHAMS the lowest water availability. Fur- the successful validation of the model results, transient bias-
thermore, robust trends to wetter or dryer conditions couldcorrected climate change projections are being applied to es-
be found for many basins. A seasonal shift of mean mod-+imate their impact on the water resources of Central Asia.
elled water availability could be derived for ECHAMS5 which Monthly fields of precipitation, radiation and air temperature
does not show a second peak during summer. The applicasutput from the Global Circulation Models (GCMs) CNRM-
tion of daily input data showed no improvement of modelled CM3, ECHAM5, and IPSL-CM4 for the SRES-IPCC scenar-
monthly river discharges for most Central Asian basins com-ios A2 and B1 (IPCC, 2000) are used to drive WaterGAP3 to
pared to monthly input data. calculate potential changes in future local water resources.
Thus, the model results also provide further insight into the
range and uncertainty of climate change impacts when ap-
plying opposing climate models and scenarios. Menzel et
al. (2008) analysed precipitation trends in a study for Mongo-
. : . lia. Even if water availability was not the focus of this study,
Large parts of Central Asia fe_aturg arid to semi-arid CON"hut runoff generation, it is of high interest. They found an
ditions and are therefore of high interest for hydrological increase with ECHAMS in the Middle and East of Mongo-

studies, as water scarcity often limits the development ofIia with up to 20 % more precipitation while the other parts

human, ecological, and industrial resources. However, nOFnostIy show small changes in the B1 scenario. For the A1B
only climate change induced water problems, such as per:

: ) - ~'scenario the western and southern parts of Mongolia showed
mafrost and glacier melting (Marchenko et al., 2007) and in- decrease in runoff generation

creased evapotranspiration (Yu et al., 2003) prevail in Centraial '

Asia, but also overexploitation of existing water resources

(aus der Beek et al., 2011; Bucknall et al., 2003), trans-

boundary water conflicts (ICG, 2002), failure of post-soviet

1 Introduction
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Fig. 1. Study Region of Central Asia with GRDC (Global Runoff Data Center) stations.

2 Methods and study region Overall, the study region features a spatial extent of
~ 10 million km? with an elevation range from below sea
2.1 Study region level in the Turpan Depression-(52m) and £135m) in

the Aral-Caspian Depression up to 7500 m in the high moun-
This study focuses on the region of Central Asia whereasainous regions of Pamir and Tien-Shan. Due to the conti-
this region is not defined by political borders but through nental and mainly arid to semi-arid climate the study region
the extent of river basins. Therefore, the term Central Asiahas a high temperature amplitude frerd5°C in winter up
contains the countries of Kazakhstan, Kyrgyzstan, Mongoliato 40°C during the summer. Although the study region is
Tajikistan, Turkmenistan and Uzbekistan entirely as well assparsely populated in the most parts, some regions — such as
parts of Russia and China (cp. Cowan, 2007) (see Fig. 1). Théne Aral Sea basin — are heavily influenced by anthropogenic

study region is confined in the South (-West) by the moun-water uses (e.g. water abstractions for agriculture).
tains of Kopet Dag and Pamir, and with the Caspian Sea as

western border. Moving on eastwards from the Pamir, the2.2 Data and method

southern border is determined by the Kunlun Shan and Al-

tun Shan mountains. Next to this mountain chain the TarimWithin this study the large-scale hydrology and water use
basin with the desert of Taklamakan followed by Mongol model WaterGAP3 has been applied, which is a further de-
Shan and Gobi desert can be found. The northern boundvelopment of the global model WaterGAP2 (Alcamo et al.,
ary is determined by the south Siberian lowlands with its 2003; Dbll et al., 2003). WaterGAP3 still can operate on the
large plain areas. The middle parts in the West (Kazakhstanylobal scale, whereas in this study a Central Asian landmask
and East (Mongolia) are dominated by the Eurasian Steppederived from river basins has been applied. In addition to the
The driest part of the study region is located in the desert reincrease in spatial resolution from 0.5~ 50 kmx 50 km)
gions of Gobi, Taklamakan, Karakum and Kyzyl Kum while to § (~6kmx 9km) (Verzano, 2009) also some hydro-
the mountainous regions of Pamir, Altai, Alatau as well aslogical process descriptions have been improved in Water-
south Siberia have the highest annual precipitation amountsGAP3, such as snow related processes (Verzano and Men-
Especially, the downstream arid lowlands are highly reliantzel, 2009), flow velocity (Schulze et al., 2005), and water use
on water provision from the mountainous regions (Hagg et(aus der Beek et al., 2010;drke et al., 2012). However, as
al., 2007). The biggest water bodies in the study region arehis study focuses on the impact of climate change on avail-
the rivers Ob (North-Northeast Kazakhstan) with its trib- able water resources, water use will not further be consid-
utaries Irtysh and Tobol, as well as Ural (West-Northwestered herein, but will follow in a future study. Monthly water
Kazakhstan), Amu Darya (Fountain head in Pamir Moun-fluxes for each of the 167 600 Central Asian grid cells form-
tains, then runs Turkmenistan and Uzbekistan to the Araling 1536 basins were calculated taking into account spatially
Sea), Syr Darya (Origin in Tien-Shan Mountains, then runsdistributed physiographic information on elevation, slope,
through Kyrgyzstan, Uzbekistan and Kazakhstan to the Arahydrogeology, land cover and soil properties, as well as lo-
Sea), Tarim (Northwest-China) as well as the lakes Balkhasltation and extent of lakes, wetlands, and reservoirs. It has
(East-Kazakhstan), Issyk Kul (Kyrgyzstan) and Aral Seato be mentioned that many of the small basins are closed
(Border of Kazakhstan and Uzbekistan). In summary, thedepressions. The upstream/downstream relationship among
study region is topographically dominated by the Eurasianthe grid cells is defined by a global drainage direction map
Steppe and additionally by mountains and deserts (WordeffDDM) which indicates the drainage direction of surface wa-
and Savada, 1991; Curtis, 1997). ter (Lehner et al., 2008). If only monthly climate input is
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available WaterGAP3 internally calculates the water balance
of each grid cell on daily time steps. Therefore, all climate
input, except precipitation, is interpolated with cubic splines
to daily values. In terms of precipitation the model computes
pseudo-daily time series from the number of rain days usinc
a Markov chain algorithm (Geng et al., 1986). R e — e —
As climate input data for the baseline period 1971 to %" "% S T S
2000 the WATCH forcing data (WFD), generated within
the European Union-Framework Six (EU-FP6) — WATer _.
and global CHange Project (WATCH), was used. This half-
degree global climate dataset was derived from ERA-40 re-
analysis data and is available in daily time steps for the
time period 1958 to 2001. For detailed information on the Fig. 2. Modelled annual water availability based on monthly in-
WATCH forcing data see Weedon et al. (2010, 2011). As ra-put data (top); _alongsiqle absolute_and relative deviation between
diation input shortwave derived from CRU data was used.M°"thly and daily data input (baseline period 1971-2000).
Malsy et al. (2011) have shown that the WATCH forcing
dataset is suitable for application in Central Asia. comparison to the baseline results has been analysed. Fur-
The climate change projections for the 21st century werethermore, modelled water availability for 2071-2100 (2085s)
extracted from the WATCH driving data. This dataset is has been compared with the baseline water availability on
available for two IPCC-SRES scenarios (A2 and B1) andriver basin level to assess spatial changes. Here, the robust-
for three GCMs; IPSL-CM4 (Institute Pierre Simon Laplace, ness of trends in water availability — three GCMS pointing
France), ECHAMS5 (Max Planck Institute for Meteorology, into the same direction of change — has been analysed. The
Germany) and CNRM-CM3 (Centre National de Rechercheghreshold for relative changes has been set5d and for
Méteorologiques, France). The WATCH driving data pro- absolute changes t&5 mm. Finally, changes not only in
vides transient bias-corrected scenarios and is available wittnean annual water availability but also seasonal variability
a daily temporal and a half-degree spatial resolution fromare of high interest. On this account, the monthly variability
1960 to 2100. For further information on the WATCH driv- for three GCMs and two IPCC-SRES scenarios (2071-2100)
ing dataset and the statistical bias correction see Hagemartmve been simulated and compared with the baseline period
etal. (2011) and Piani et al. (2010). (1971-2000).
All climate datasets have been rescaled from half-degree
to five arc minute spatial resolution. The transient and bias-
corrected climate scenarios have been divided into 30-yrtime3 Results and discussion
slices, i.e. 2011-2040, 2021-2050, ..., 2071-2100, for a bet-
ter comparison to the 1971-2000 baseline results. The bas&.1 Modelling current water resources in Central Asia
line time period has been simulated with daily and monthly
climate data input to explore the impact of daily input data onCentral Asia features large areas with low precipitation and
the simulated monthly water fluxes. For this reason the dailytherefore limited water resources, which can be observed in
WFD data was aggregated to monthly values. the modelled annual water availability for the time period
The performance of the model results was evaluated byl971-2000 (cp. Fig. 2). The big desert regions, i.e., Gobi,
comparing modelled to observed river discharge for 73 validKarakum, and Taklamakan, show mean annual water avail-
stations in Central Asia available from the Global Runoff ability below 10 mm. Predominant westerly winds, lee side
Data Center (GRDC) database. Since some GRDC stationsffects and orographic precipitation patterns are the reasons
records do not cover the entire baseline period, only parts ofor this low precipitation (e.g. Taklamakan desert). In con-
the baseline could be validated. The location of the GRDCltrast, there are mountainous regions, e.g., the Pamir and Al-
gauging stations shows a concentration in the northern pariai mountains, with high precipitation and mean annual water
of the study region at the Russian border. Especially, the aricavailability of more than 1200 mm. The mean water avail-
parts lack gauging station data, which is shown in Fig. 1. Inability in the study region is 63 mm and 66 mm as modelled
this region only a few runoff stations with often short time with monthly and daily data input, respectively. Here, the
series observations are available for model calibration angredominant patterns of modelled annual water availability
validation. Also, climate data is less reliable in these regionsare very similar for monthly and daily data input.
which leads to interpolation inconsistencies, as often only The highest deviations for absolute values between daily
few climate stations are available. and monthly data input are in the mountainous regions of
For the scenario period the influence of climate change orCentral Asia, i.e., Pamir, Dzungarian Alatau, and Altai, as
the water fluxes, e.g. water availability has been examinedwell as southern Siberia (Fig. 2). On the one hand, model re-
First, the decadal trend of mean annual water availability insults with monthly input data result in wetter conditions in
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Fig. 3. Modelled decadal mean annual water availability from 1971 @Q‘
to 2100 (Baseline period 1971-2000 with WFD, scenario period =
2001-2100 with three GCMs and two scenarios).

Fig. 4. Modelled annual average water availability on river basin
level for the baseline period 1971-2000 and for the scenario time

the mountain regions. On the other hand, model results withyeriod 2071-2100, separately shown for each GCM/emission sce-
daily input data show higher water availability in the North of nario combination.

the study region (Siberia). In contrast, the examination of rel-
ative differences leads to different spatial patterns. The rea-
son for these differences can be found in the input data; daily3.2 Potential future development of Central Asian
input data result in wetter conditions in the southern desert water resources
parts, i.e., Gobi, Taklamakan, and Karakum, as well as again
at the Siberian border in the North. Monthly data is wetter The simulation of the potential future development of Central
around the Aral Sea and in eastern part of Mongolia. Asian water resources has been carried out with the WATCH
Whereas the mean modelled annual water availabilitydriving data (see Sect. 2.2). While for the baseline a small
slightly differs between daily and monthly input, more ef- decrease between the time periods 1961-1990 and 1971-
fects can be found in the modelled hydrographs of river2000 (64 mm to 63 mm) was noticed, an increase of mean
discharge and its model efficiency evaluation. The Nash-annual water availability for each scenario and GCM until
Sutcliffe Efficiency (NSE) and coefficient of determination 2100 compared to the baseline was found. For both scenar-
(R?) for modelled monthly river discharge show higher, and ios, A2 and B1, CNRM-CM3 shows the highest increase in
thus better values with monthly (NSE 0.4B20.65) than  water availability and ECHAMS5 the lowest.
daily (NSE 0.39,R%0.56) input data. Generally, the model It has to be mentioned that the baseline values were com-
application is suitable for the entire study region with a meanputed with the ERA-40 corrected WFD and not with the re-
NSE of 0.45. Not only the level of the efficiency criteria is spective GCM baseline. This was necessary to calibrate Wa-
higher with monthly data input, also more stations were mod-terGAP3 accurately, because the GCM baselines are too wet
elled validly (73 to 60). Mostly, the river runoff peaks are and lead to overestimated calibration parameters. For a de-
overestimated with daily input data, which leads to overesti-tailed description of the calibration method of WaterGAP
mated runoff generation and, hence, to lower efficiency crite-see Alcamo et al. (2003). Thus, even though WATCH forcing
ria (Krause et al., 2005). Further, the base flow appears highguntil 2001) and driving (scenarios) data are supposed to be
for daily input data. In many cases, this is caused by rathetransient and bias-corrected, an offset between the observed
small peaks in autumn, which lead to a slower transition fromWFD data (time period 1971-2000) and the first scenario pe-
peak to low flow. It has to be mentioned that some regionsriod 2001-2030 (see Fig. 3) exists. While CNRM-CM3 and
and rivers which are heavily influenced by anthropogeniclPSL-CM4 show a constant increase in mean water availabil-
water abstractions such as Amu Darya and Syr Darya canity for the study region, ECHAM5 causes firstly a decrease
not be simulated accurately because the model setup withiwhich turns from the 2045s to an increase until the end of the
this study simulates the water fluxes only with natural condi-21st century (scenario A2). This is induced by an increasing
tions (i.e., water abstraction is not considered). Beside thisprecipitation input in the scenario data during the 21st cen-
also the observed runoff data may include uncertainties — fotury, as precipitation is the main driver of the water cycle. In
example measurement errors. general, it can be determined that the differences between the
As shown above, daily data input does not improve thelPCC-SRES scenarios (up to 9 mm in 2071-2100) is smaller
results for modelled monthly river discharge. One reason forthan between the GCMs (up to 17 mm in 2071-2100). Fur-
this could be that the model structure and the representatiothermore, the impact of the A2 scenario is stronger than of
of evapotranspiration processes was developed for monthlB1 except for the ECHAMS5 driven simulations. Here, the B1
data input. Hence, further adaptation of the model to dailyscenario results are well above the A2 outcomes until the last
input data might improve the results. phase (2071-2100). This is in agreement with Zwolsman et
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al. (2011) who detected also stronger impacts under the AZig. 6. Seasonal variability of modelled monthly water availability

than the B1 scenatrio. (WA) for time period 2071-2100 in comparison to baseline time
Looking at the spatial distribution of mean modelled water period (1971-2000).

availability the following picture emerges (Fig. 4). Compared

with the baseline the Ob river basin and the Altai Moun- ) o )

tains river basins remain with high water availability in all {€MPerature to changes in evapotranspiration and water avail-

GCM/scenario combinations. For the Tobol river basin in the 2Pility- _ _

north western part of Central Asia the A2 scenario leads to '€ robustness of trends (Fig. 5) confirms the above-

an increase of water availability with ECHAMS as well as named changes in water availability. Modelled water avail-

CNRM-CM3. This trend cannot be found for IPSL-CM4 and ability (absolute values) shows an increasing trend for both

for the B1 scenario. In the western part in the Aral-CaspianScenarios in the south of the study region (Chinese Xinjiang

depression water availability stays in dry conditions with all €9ion), for the north of Mongolia and the Mongolian Altai,

GCM/scenario combinations. In contrast to the Karakum and®"d in the A2 scenario also for the Tobol and Ural basin. A

Gobi Desert, where all three GCMs and scenarios project ond€créasing trend can be found in the Aral Caspian Depres-

going dry conditions, the Tarim basin within the Taklamakan SO North-Northwest and Southwest of the Aral Sea. For
desert gets wetter with the IPSI-CM4 and CNRM-CM3 and relative values the same patterns can be found, whereas an
less wet with ECHAMS. In the Amu Darya and Syr Darya increasing trend also in Russian Altai and the Ob river basin

basins only ECHAMS5 shows a decrease in water availability. c@n P observed. _
Generally, in relation to the baseline (1971-2000) the mid- kagaband Prudhomme (2002) expected a change in water

dle and middle-eastern parts of the study region are mosﬂ);lvallabmty due to alterations in precipitation and high inter-

affected by increasing natural water availability (e.g. Tarim annual variability in semi-arid and arid regions. The seasonal
basin, Selenga basin). variability in the study region (cp. Fig. 6) shows two peaks in

In contrast, the biggest change to dryer conditions canVater availability during the year, a high spring peak which

be found in the Aral Caspian Depression within all mod- IS caused by snow melting and a minor peak in summer. For
els and scenario combinations. Also, parts of the Gob-gxample in Mongolia the hlgh_est preC|p|tat|_on rates are dur-
Desert in Southeast Mongolia, Dzungaria and middIe-'ng,the_ summer months. In this s_,tud.y_ no shift in the seasonal
southern Turkmenistan show decreasing trends, particularly2'apility of modelled water availability could be found, ex-
with ECHAMS. IPSL-CM4 shows for nearly entire Mongo- cept ECHAM_5 which d_oes not show the secon_d peak during
lia an increasing trend and CNRM-CM3 for the North and July. The spring peak increases for all scenarios and GCMs
West. ECHAMS leads to a decrease in water availability in until 2100, but with an earlier and sharper rise. In the c_ase
the Southeast (Gobi Desert) and to an increase in the Altapf IPSL-CM4 and CNRM-CM3 also the second peak during
Mountains. In comparison, Ragab and Prudhomme (2002§h€ summer increases.

projected for the Aral Sea basin an increasing precipita-

tion by 5-20% in summer and winter, and also Batimaa et

al. (2011) expected a sharp increase of winter precipitation

for Mongolia which leads in combination with increasing air
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