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SENSITIVITY ANALYSIS OF THE IMPACT
OF CLIMATE CHANGE ON THE SYRDARYA RIVER RUNOFF

River runoff depends directly on climate conditions (e.g., temperature, precipitation and evapo-
transpiration), which affect water balance at the watersheds scale. The present work was conducted to
investigate the impact of climate change on runoff in the Syrdarya River Basin, Central Asia. To assess the
impact of climatic variation on runoff, the temporal trends of runoff were explored using the sensitivities
of runoff to precipitation, temperature and potential evapotranspiration, and the aridity index was evalu-
ated with the modified method of climate elasticity. The results showed that the average coefficients of
sensitivity of runoff to precipitation and potential evapotranspiration were 2.4 and -1.4, and the sensi-
tivity to temperature was -0.8 respectively, indicating that a 10% increase in precipitation or potential
evapotranspiration would lead to a 24% increase or a 14% decrease in runoff, respectively. Additionally,
the average coefficient of sensitivity of runoff to the aridity index varied from 0.65 to 2.8. The average
coefficients of the sensitivity of runoff to climatic variation appeared to have an inverse relationship with
the runoff coefficient, showing that the lower the river flow of the basin became, the more sensitive the
runoff would be with respect to climatic variation. The results confirm the high sensitivity of river runoff
in the Syrdarya River Basin to climatic changes. Precipitation was identified as the dominant factor con-
trolling runoff formation, whereas an increase in potential evapotranspiration contributes to a reduction
in basin water availability. The obtained estimates can be used to project future changes in regional
water resources under changing climatic conditions.

Keywords: river basin, climatic variation, sensitivity analysis, partial correlation, river runoff.
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CbipAapus e3eHi aFblHbIHbIH, KAMMATTbIH, ©3repyiHe
Ce3iMTaAADBIFbIH TaAAQY

©O3eH afblHbl TiKeAel KAMMATTbIK >KaFAanAapFa (MblCaAbl, TemrnepaTypa, »KayblH-LIALlbIH YKaHe
GyAaHy) GarAaHbICTbl, OAAP Cyanpbik LIKAAACbiHAA Cy GaAraHCbiHA acep eteai. bya xymbic Oprta-
AbIK, A3ngaarbl CbipAapust ©3eHi 6aCCeMHIHAETT aFbliHFA KAMMATTbIH ©3repyiHiH 8CepiH 3epTTey yiliH
XKYPrisiaai. KAMMaTTbik, ©3repicTepaiH arblHFa ocepiH 6araAay YLUiH aFblHHbIH YaKbITLIA YPAiCTepi
aFbIHHbIH, >KayblH-LIALLIbIHFA, TeMrepatypara >XoHe bIKTMMaA ByAaHy TpaHCNUMPALMSACbIHA Ce3iMTaA-
AbIFbIH MariAAAaHbIN 3ePTTEAAl, aA KYPFAKLIbIAbIK MHAEKCI KAMMATTbIK, CEPMIMAIAIKTIH ©3repTiAreH
aAiCiMeH GaraAaHAbl. HaTueAep arblHHbIH, >KayblH-LUIALLbIHFA XOHE bIKTUMAA OGyAaHy TpaHcnmpa-
UMSICbIHA Ce3iIMTaAAbIFbIHbIH OpTalla koadduumneHTTepi 2,4 >koHe -1,4, aA TemnepaTtypara ce3iMTaA-
AbIfbl carikeciHwe -0,8 ekeHiH KepceTTi, GYA XayblH-LLALLbIHHBIH HEMECE bIKTUMaA GyAaHy TpaHCnu-
paumscbiHbiH, 10%-Fa apTybl aFblHHbIH, ConkeciHwe 24%-Fa apTyblHa Hemece 14%-Fa TeMeHAeYyiHe
aKeAeTiHiH kepceTeai. COHbIMEH KaTap aFblHHbIH KYPFaKLIbIAbIK, MHAEKCIHE Ce3iMTaAAbIFbIHbIH OpTa-
wa koappurumenTi 0,65-TeH 2,8-re AeniH e3repAi. AFbIHHbIH KAMMATTbIK, ©3repictepre cesiMTaAAbl-
FbIHbIH OpTala Ko uumeHTTepi arbiH KO3MMOULMEHTIMEH KEPi NMPONOPUMOHAAABI GOABIN KOPIHAI,
6yA GacCenHHiH ©3eH aFblHbl HEFYPAbIM TOMEH GOACA, aFbIHHBIH KAUMATTbIK, ©3repicTepre CofypAbIM
ce3iMTaA BoAATbIHbIH KepceTeai. AAbiHFaH HaTuxKeAep CbipAapus 63eHi aAabblHbIH Cy pecypcTapbl-
HbIH, KAMMATTbIK, (DaKTOPAAPAbIH ©3repyiHe KOoFapbl Ce3iMTaA ekKeHiH KepceTTi. ©3eH aFblHbIHbIH, Ka-
AbINTACYbIHA aTMOCEPAABIK, XKayblH-LLALLBIHHBIH, LLELLYLL 8Cep eTeTiHi, aA NOTEHUMAAABI BYAQHYAbIH,
apTybl aAanTblH CYAbIAbIFbIH TOMEHAETETIHI aHbIKTaAAbl. 3epTTey HaTUXeAepi Cy pecypCTapbiHbIH,
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6oAallakTarbl ©3repicTepiH GoAXKay XXoHe eHipAeri KAMMaTTbIH e3repyiHe GerniMAeAy cTpaTervsaa-
PbIH XEeTIAAIPY MaKCaTbIHAQ MalMAAAAHbBIAYbI MYMKIH.

Tyiin ce3aep: e3eH anabbl, KAMMATTbIH ©3repyi, Ce3IMTAaAAbIKTbI TaAAQy, illiHapa KOppeAsums,
©3€H aFblHbI.
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O.A. AMatrreaai’, LLI.C. EckaauneBa?
'TOO «MHCTUTYT MoHocdepbl», AAMaTbl, KazaxctaH

2 Ka3axckuil HaUmMOHaAbHbIN MeAarorMyeckmnin yHusepeurteT nmenn Abasi, Aamarbl, Kasaxcran
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AHaAM3 YYBCTBMTEAbHOCTHU pevyHoro ctoka Cbipaapbu
K U3MEHEeHHUI0 KAMMarta

PeuHol CcTOK HanpsiMyto 3aBUCUT OT KAMMATMYUECKMX YCAOBUI (Hanpumep, TemnepaTypbl, OCAAKOB
M MCapeHus), KOTOpble BAMSIIOT HAa BOAHbIN GaraHC B MacluTabe BoAoC6opHbIX GaccenHoB. Hacto-
awas pabota 6bira NPOBEAEHA AAS UCCAEAOBAHUSI BAMSIHUSI M3MEHEHUSI KAMMaTa Ha CTOK B 6Gaccen-
He pekn Cbipaapbd, LleHTpaabHas A3unsi. AAS OLEHKM BAMSIHUS KAMMATMUYECKMX M3MEHEHMI Ha CTOK
ObIAV U3yUeHbl BDEMEHHbIE TEHAEHLIMM CTOKA C MCMIOAb30BaHWEM YYBCTBUTEABHOCTM CTOKA K OCAAKaM,
Temrnepartype 1 MoTeHUMAAbHOMY MCMAPEHMIO, @ MHAEKC 3aCYLUAMBOCTH ObIA OLIEHEH C MOMOLLbIO MO-
ANDUUMPOBAHHOTO METOAQ KAMMATMUECKOM 3AACTUYHOCTW. Pe3yAbTaTbl nokasaAu, 4TO CpeAHMe KO-
3 OULMEHTBI YYBCTBUTEABHOCTM CTOKA K OCaAKaM M MOTEHLUMAAbHOMY MCMApeHUIo COCTaBUAM 2,4 1
-1,4, a YyBCTBUTEABHOCTb K Temnepartype -0,8 COOTBETCTBEHHO, UTO YKa3blBaeT Ha TO, YTO YBEAUYEHMe
0CAAKOB MAM MOTEHLUMAABHOTO ncnaperuns Ha 10% npuBeAET K YBEAMUYEHMIO CTOKA Ha 24 % VAW YMeHb-
weHno Ha 14% cooTBeTcTBeHHO. Kpome Toro, cpeaHuin KoaprUMEHT YyBCTBUTEABHOCTM CTOKA K
MHAEKCY 3aCyLIAMBOCTH BapbmpoBaacs ot 0,65 Ao 2,8. CpeaHune KO3(hdULMEHTbI YyBCTBUTEABHOCTM
CTOKa K KAMMaTUUYECKMM M3MEHEHMSIM, MO-BUAMMOMY, MMEAM 06PaTHYIO 3aBUCMMOCTb OT KO3hULIMEH-
Ta CTOKA, MOKa3blBasl, YTO YeM HUXKE CTAHOBUTCS PEYHON CTOK B 6acceliHe, TemM YyBCTBUTEAbHEE CTOK K
KAMMATMYECKMM M3MeHEHUSM. [ToAyUeHHble pe3yAbTaTbl MOATBEPXKAQIOT BbICOKYIO YyBCTBMTEABHOCTb
peuHoro ctoka 6accerta Cbipaapby K KAMMAaTUUYEeCKMM M3MEHEHMSIM. Y CTaHOBAEHO, YTO aTMOCepHble
0CaAKM OKa3blBAIOT HaMbOAbLLEE BAMSIHME Ha (DOPMUMPOBAHME CTOKA, TOrAQ Kak YBEAMYEHWE MOTEHLM-
AAbHOTO MCMapeHUsi CnoCcoBCTBYET CHUXEHUIO BOAHOCTM 6acceiHa. [1oAyyeHHble OLeHKM MOryT ObITb

MCIMOAb30BaHbl AAS MPOrHO3MPOBAHNA M3MEHEHMIN BOAHbIX pecypcoB perroHa.
KAroueBble caoBa: pe‘JHOlZ 6aCCEI7IH, KAUMaThvyeckmne nM3mMeHeHnd, aHaAn3 4yBCTBUTEAbHOCTU, Ya-

CTUYHast KOppPeAsLMs, PEYHOM CTOK.

Introduction

River runoff is a key indicator of renewable
water resources and plays a critical role in both
human and natural systems. Any significant change
in runoff has significant social, ecological and
environmental consequences. Climate change
significantly impacts river runoff, with sensitivity
varying across regions and seasons. Studies have
shown that runoff is generally more sensitive to
changes in precipitation than temperature (Yao et
al.,, 2012). The runoff elasticity (ratio of runoff
change to precipitation change) typically ranges
from one to three, while runoff temperature
sensitivity indicates decreases of 2-6% per degree
Celsius warming in many basins (Tang &
Lettenmaier, 2012). Arid and semi-arid regions
often exhibit higher sensitivity to climate changes
(Tang & Lettenmaier, 2012; Chen et al., 2024). The
significant reduction of glacier areas in Central Asia,
where glaciers are the main source of river feeding,

serve as an indicator of this (Nurakynov et al.,
2023). Seasonal variations in sensitivity are also
observed, with transitional and fall seasons showing
greater sensitivity than wet seasons (Chen et al.,
2024). The climate change water impact index
(ICCWI) has been developed to detect temporal and
spatial sensitivity of basin runoff. Additionally, the
aridity index has been used to assess streamflow
sensitivity, with a 10% increase in aridity potentially
leading to a 25.3% decrease in streamflow (Wang et
al., 2017).

Climatic elasticity methods have been widely
used to assess climate change impact on river runoff
(Andréassian et al., 2016; Sharifi et al., 2024; Kumar
et al., 2016). The elasticity approach is comparable
to more complex hydrological modeling methods
for assessing climate variation effect on the long-
time runoff changes (Mo et al., 2025). In the last
three decennaries, the climatic elasticity approach
has undergone some expansions. Authors of the
work (Schaake et al., 1990) first probed the climate
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elasticity of precipitation to basin runoff. In another
work researchers (Fu et al., 2007; Liu et al., 2023)
further combined precipitation and temperature
together to evaluate runoff change. Using the
analytical derivation based on the Budyko frame,
authors (Yang & Yang, 2011) concluded the
multiple climate elasticities to five climates
indicators, i.e., precipitation, temperature, relative
humidity, net radiation, and wind speed. Many
studies, recently, have used multiple climatic
elasticities to estimate the effect of climate on runoff
in the historical period (Huang et al., 2016; Mandal
et al.,, 2023). It is also a helpful approach for
separating and quantifying the relative contributions
of human activities and climate variation on runoff
changes (Huang et al., 2024; Huang et al., 2025).

A major advantage of the sensitivity or elasticity
method is the parsimony of data requirement. For
example, to estimate &€X, one requires only
observations on the R-P-T  relationship.
Furthermore, the method can be implemented even
with limited or no modeling experience. Finally, the
results are in a form that is easily understood by
stakeholders with different levels of scientific
knowledge, making it a useful communication tool.
Though this approach has its drawbacks. Even so,
the approach has been shown to produce results that
are of an order of accuracy comparable to many
models and sufficient for most practical applications
(Yang & Yang, 2011; Anderson et al., 2024; Seo et
al., 2025). Reis et al. (2013) showed that climate
elasticity estimates of river flow changes in the
upstream Jaguaribe catchment closely matched
those obtained from traditional statistical
downscaling combined with hydrological modeling
(Reis et al., 2013).

The current study primarily aims to identify the
sensitivity of runoff to climate change in the
Syrdarya River Basin. Understanding projections of
future flow changes for the one of two largest river
basins in Central Asia is critical to assessing the
impacts of climate change on water resources.

The main objective of this study is to assess the
sensitivity of streamflow to climate change in the
Syrdarya River Basin. Understanding potential
changes in streamflow is essential for evaluating
climate change impacts on water resources in one of
the largest transboundary river basins of Central
Asia. The basin plays a critical role in supporting
agricultural production, hydropower generation, and
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domestic water supply across Kazakhstan,
Kyrgyzstan, Tajikistan, and Uzbekistan.

Recent decades have been characterized by
rising air temperatures, shifts in precipitation
patterns, and accelerated glacier retreat in the Tien
Shan Mountains (Yao et al., 2012; Nurakynov et al.,
2023). These changes directly affect runoff
formation and may alter regional water availability.
Given the high degree of water resource utilization
and increasing climate-related pressures, assessing
streamflow sensitivity to precipitation, temperature,
and potential evapotranspiration is essential for
improving water resource management and
developing climate adaptation strategies in the
region.

Study area

The Syrdarya River Basin (Figure 1) is one of
the most important transboundary river basins in
Central Asia, was selected as the study site for
sensitivity analysis of runoff to climate and land-use
changes. This basin stretches from 39°23'- 46°
northern latitude and 61°-78°24' east longitudes and
extends across an area of 219,000 km?2.

The river runoff is formed by melting glaciers
and snow and therefore varies greatly both
seasonally and from year to year. Extremes include
dry years — they are characterized by droughts — and
high-water years — they are characterized by floods;
both phenomena are potentially dangerous for the
basin economy. The functioning of reservoirs on the
Naryn River (the main tributary located in
Kyrgyzstan and Uzbekistan), especially the
Toktogul reservoir in Kyrgyzstan, is critical for the
provision of water to agricultural areas downstream
(Fergana Valley and further downstream to
Uzbekistan and Kazakhstan), as well as for upstream
electricity production, mainly in Kyrgyzstan. About
90% of the average annual river flow is regulated by
reservoirs. Most of the reservoirs are used mainly for
irrigation and flood prevention (Pradhan et al., 2022;
Shannon et al., 2023).

The river serves as a major source of water for
agriculture, industry, domestic supply, and
ecosystem functioning, and discharges huge
amounts of precipitation and freshwater into the
Northern Aral Sea, thereby regulating seawater
levels and biogeochemical cycles (Pradhan et al.,
2022; Wegerich et al., 2015).
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Figure 1
Map of study area
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The land cover is dominated by arid and alpine
vegetation — grasses and shrubs, which occupy about
78% of the basin area. Forests, covering about 8%
of the area, are located on frontal alpine ridges
exposed to the main winds and receiving more
precipitation. About 7% are swamps, and up to 5%
are bare land, cliffs, and other low-fertility areas.
The remaining area is covered by bodies of water
and perennial snow and glaciers.

Agricultural land use in the Syrdarya River
Basin The area of pastures is 280,000 km? (55% of
the total basin area) and contains cattle, sheep, goats,
pigs, horses and camels. The area of arable land is
35,000 km? (representing 8% of the basin area) and
approximately 80% of this land is irrigated. It is
important to note that orchards, vineyards and other
types of cultivated land are excluded from this
estimate. Much of the arable land is located in the
Fergana Valley (including Jalal-Abad, Osh, Batken,
Andijan, Namangan, Fergana, and Sughd
provinces), which makes up about one-tenth of the
basin and is home to about 55% of the population.

The main agricultural products in this region include
wheat, potatoes and cotton (Savoskul et al., 2003;
Pradhan et al., 2022).

Materials and methods

Data

Data from 19 meteorological stations located
within the basin and the surrounding areas were
selected. Also, average annual data on air
temperature (T), precipitation (P) and potential
evapotranspiration (PET) from 1930 to 2015 was
collected with Climatic Research Union high
resolution gridded datasets — CRU TS4.00 and
Database for open use of observation results at
meteorological stations of the RSE "Kazhydromet".
Given the limited availability and lack of
observations data over the Syrdarya Basin, this
study used freely available datasets. The Climatic
Research Union dataset (CRU) is chosen for several
reasons. Firstly, the dataset is based on a large
number of stations. The data covers all land areas of
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the Earth. It includes mean daily temperature
(TMP), diurnal temperature range (DTR), maximum
and minimum air temperature (TMX and TMN),
precipitation (P), vapor pressure (VAP), cloud cover
(CLD), rain day counts (WET), ground frost
frequency (FRS) and potential evapotranspiration
(PET). The CRU dataset has 0.5° by 0.5° data
resolution, based on meteorological measures
(Harris et al. 2020).

Prior to analysis, all climatic variables were
subjected to quality control procedures. Missing
observations from meteorological stations were
checked against neighboring stations and available
gridded data where possible. Annual values of
precipitation, air temperature, and potential
evapotranspiration were calculated from monthly
records to ensure temporal consistency with the
climate elasticity framework, which is based on
long-term annual averages.

To obtain basin-scale climatic characteristics,
CRU TS grid cells located within the Syrdarya Basin
were spatially averaged. The use of annual values
reduces the influence of short-term variability and is
consistent with the assumptions of long-term water
balance analysis employed by the climate elasticity
method.

Climatic elasticity method

We estimated the effect of climate variation on
runoff using the climatic elasticity method of river
runoff proposed by Schaake (Schaake et al. 2020).
The sensitivity coefficient (¢_x) is determined by the
proportional change in runoff (R) separated by the
proportional change in a climate variable (X), such
as potential evapotranspiration, temperature or
precipitation (Hu et al. 2012), and is expressed as
follows:

. _OR/R "
* o 0X/X
namely:
OR R
e = 2
ax ~ =x @

In many previous studies, climate elasticity was
estimated based on mean annual climatic variables
(Dooge et al. 1999; Zheng et al. 2009; Arora et al.
2002). According to work (Arora et al. 2002), the
change in basin runoff (R) may be explained as a
function of the change in precipitation (P) minus
potential evapotranspiration (PET):
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1+p)- P (3)

R P
where the factor Sis the sensitivity index, the value

of which is proportional to the aridity index (Arora
et al. 2002):
g = of (#) @
1-f(e)
where f(o) is the function of ¢ (orx) and the detailed
expressions of f(¢) are given in (Yang & Yang,
2011). The coefficient p may be considered as a
sensitivity index in a broad sense. If only one of
precipitation or potential evaporation changes, then
a upwards value of B means a larger change in
runoff.
From Eq. (4), the surface runoff elasticity to
precipitation, may be explained as follows:

_ [9R/R]
» = Tap/P]

=1+p )

R L ©
ko = 13PET/PET] _

And, the surface runoff elasticity to temperature
can be calculated according to research (Grijsen et
al. 2013) as:

[0R/R] [0PET]

& =Tar/T) - & T[aT )

The obtained sensitivity coefficients were used
to assess the response of streamflow to changes in
climatic factors. Higher absolute values of the
coefficients indicate a stronger influence of the
corresponding climatic variable on streamflow
generation.

Methodological Uncertainties and Limitations

Although the climate elasticity method offers a
parsimonious alternative to complex hydrological
models, it has several inherent limitations. First, the
climate elasticity approach assumes long-term
equilibrium conditions and does not explicitly
represent processes such as snow and glacier melt,
groundwater interactions, or reservoir regulation.
Thus, the coefficients reflect integrated basin-scale
responses rather than detailed hydrological
mechanisms. Second, climatic inputs were derived



G.M. Iskaliyeva et al.

from the CRU TS dataset with a spatial resolution of
0.5°. Although this dataset is widely used and
provides one of the longest and most consistent
climate records available for Central Asia,
uncertainties remain in mountainous regions where
meteorological observations are sparse and climatic
gradients are strong. However, it remains one of the
most consistent long-term climate datasets available
for Central Asia (Guo et al., 2018). Third, reservoir
regulation and irrigation withdrawals may influence
the climate—runoff relationships estimated by the
elasticity approach. Despite these limitations, the
approach remains robust for first-order assessments
of long-term climatic impacts (Yang & Yang, 2011).

Although the climate -elasticity approach
provides a practical and parsimonious framework
for evaluating long-term streamflow responses to
climatic variability, several limitations should be
acknowledged.

Compared with physically based hydrological
models such as SWAT, VIC, HBV, or WEAP, the
climate elasticity method requires substantially
fewer input data and calibration parameters, making
it particularly suitable for data-scarce regions.
However, it should be regarded as a first-order

Figure 2

assessment tool rather than a substitute for process-
based hydrological modeling. Future studies may
benefit from combining climate elasticity analysis
with physically based modeling approaches to better
quantify the impacts of glacier retreat, reservoir
regulation, and future climate scenarios on water
resources in the Syrdarya Basin.

Results and discussion

Sensitivity index in the basin

The arid region is totally a water-limited area
due to both limited water input (low precipitation)
and high temperatures, which act to grow PET. On
average, the Syrdarya Basin as a whole is water-
limited, because more than half'its area falls into arid
zone with limited water yields.

The average value of the sensitivity coefficient
varied from 0.65 to 2.8 in the Syrdarya River Basin.
The arid areas are very sensitive f > 1 and show

very low discharges (g < 1). It should be noted that

the sensitivity coefficient changes over time; it is
lower during high water phases and higher during
low water periods (Figure 2).

Temporal variation of the basin sensitivity coefficient during 1930-2015 (a) and corresponding difference integral curve of annual
runoff (b). Grey shaded areas indicate low-flow periods identified from runoff records
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As Figure 2a shows, the sensitivity index varies
greatly from year to year. Moreover, the sensitivity
index increases in the low-water period, which
occurred in the basin in 1939-1951, 1962-1967,
1974-1987 and 2008-2012. Also, during the high-
water flow phases decreases. The periods of high
and low water flows indicated in Figure 2b,

2(ki-1)/Cv — the current ordinates of the difference
integral curve showed that there were cycles of
different duration in the annual average runoff
fluctuations. During the low water flow periods
overall average of the sensitivity index was 1.49.
Within the high-water periods, sensitivity index was
about 1.39.
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The Sensitivity of Runoffto P, PET and T

To assess the impact of climate variation on
river runoff, most researchers have applied the
concept of climate elasticity to investigate the
runoff response to climate change (e.g.,
precipitation and potential evapotranspiration,
temperature). The sensitivity of runoff to
precipitation, PET and temperature is determined
using Eqgs. 5, 6 and 7, respectively. The
precipitation, PET and temperature elasticity of
the watershed in the Syrdarya River Basin are
listed in Table 1. The values of g, for the basin
were 1.65 to 3.76, with means of 2.4. The values
of g, for the basin were -0.65 to -3.76 and &7 for

Table 1

the basin were -0.45 to -1.66. The signs of
&p, €goand €7 indicate that the runoff is expected
to have apositive trend with an increase in
precipitation, but a negative trend with an increase
in PET and temperature. The findings also show
that a 10% growth in precipitation would result in
a 24% growth in the runoff, while a 10% increase
in PET and T°C would induce a 13% and 8%
decrease in runoff, respectively. As displayed in
Table 1, the value of precipitation elasticity (&)
is much larger than other climate wvariable
elasticities, shows that runoff is more sensitive to
precipitation than to other climate variables (i.e.,
PET and temperature).

Elasticity of precipitation, potential evapotranspiration and temperature to river runoff

. Stations
Coefficient -
Namagan Keles Tomenaryk Naryn Chinaz Arys
& 2.05 2.12 3.76 1.65 1.74 2.93
5o -1.05 -1.12 -2.76 -0.65 -0.74 -1.93
er -0.63 -0.67 -1.66 -0.39 -0.45 -1.16

A correlation analysis was used to further
investigate the relationships between precipitation,
PET, T and runoff. As shown in Table 2, the positive
correlation between precipitation and R (pP,R) and
the negative correlation between PET and R
(pPET,R) are statistically significant at the 0.05
level, which suggests that the runoff will increase or
decrease with an increase or decrease in
precipitation, but decrease or increase with an
increase or decrease in PET.

Furthermore, a value of ppr greater than pperr and
pr.r for the Syrdarya River basin indicates that the
impact of precipitation on runoff is more important
than that of PET and temperature. The correlation
coefficient between temperature and PET (pr, per) is
statistically significant at the 0.01 level, indicating
that the interactions between temperature and PET
are stronger. Whereas, the relationship between
precipitation and PET (ppper) are good. Eliminating
the effects of PET (precipitation) on runoff, the
partial correlation coefficients ppr-pEr-T (PPETR-P-T
and prr-pper) between precipitation and runoff
(between PET, temperature and runoff) are also
exposed in Table 2. As observed from the table, the
differences between ppr and ppr-rperare smaller,
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while the differences between pperr and pper r-p-Tare
greater. However, it can also be noted that the
downstream of the river basin are less correlated
with precipitation, while the relationship with PET
is higher. This can be explained by the fact that in
the lower part of the basin there are almost no
tributaries.

Table 2
Coefficients of correlation and partial correlation among
climate variables and river

. Value
Coefficients -
Upper Middle Lower

PP,PET -0.59 -0.41 -0.33
PT.PET 0.47 0.52 0.57
pT.P -0.03 -0.07 -0.01
pPR 0.55 0.61 0.33
PPET.R -0.37 -0.39 -0.43
PT.R -0.01 -0.07 -0.13
PP,R-T-PET 0.40 0.48 0.18
PPET,R-P-T -0.12 -0.25 -0.40
PT,R-P-PET -0.09 -0.12 -0.14
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The correlation analysis results provide further
insight into the relationships between climatic
variables and streamflow. The strongest relationship
was observed between precipitation and streamflow.
Positive correlation coefficients confirm the
dominant role of atmospheric moisture input in the
formation of water resources within the basin. Since
most of the Syrdarya Basin is located in arid and
semi-arid environments, additional precipitation
contributes directly to both surface and subsurface
runoff generation.

Potential  evapotranspiration exhibited a
consistent negative relationship with streamflow.
This pattern can be explained by increased water
losses from soil surfaces, vegetation, and water
bodies under higher evaporative demand, resulting
in a reduced volume of water available for runoff
generation. Similar findings have been reported for
the Nile River Basin, the Luan River Basin, and
several catchments in North America (Hasan et al.,
2018; Wang and He, 2017; Sankarasubramanian et
al., 2001).

The relatively weak relationship between air
temperature and streamflow is primarily associated
with the indirect influence of temperature on
hydrological processes. In most cases, temperature
affects runoff through its impact on potential
evapotranspiration and the overall basin water
balance. Consequently, the correlation between
temperature and streamflow is considerably weaker
than that between precipitation and streamflow.

Spatial variability was also evident within the
basin. In the upper reaches, streamflow formation is
largely controlled by snow and glacier melt as well
as precipitation inputs. In the lower reaches, the
influence of evapotranspiration and water
management practices becomes more pronounced,
leading to a weaker precipitation—streamflow
relationship and a greater contribution of potential
evapotranspiration. Similar spatial patterns have
been documented in many large transboundary river
basins located in arid regions.

The estimation of elasticity

Climate elasticity, are widely used for the
quantitative evaluation of the effects of climate
change on river runoff in different regions of the
world. The physically based hydrological models
are able to represent the complex spatial-temporal
variations in evapotranspiration, soil moisture, and

runoff (Sankarasubramanian et al., 2001), and this
method is by far the most common. However, this
approach has uncertainties in the structure and the
parameters of the models and may sometimes lead
to a significant bias in reflecting the response of
runoff to climate change if the model is not well
validated (Ten et al. 2025). An alternative method
based on climate elasticity of river runoff has been
tested and found to be relatively more effective and
simpler than hydrological modeling in a number of
studies, and this method yields the overall change in
runoff in a basin with fewer data and parameters
(Wijekoon et al., 2022; Hu et al., 2012).

Changes in precipitation, temperature and PET
can influence the annual streamflow. In catchment,
from a water balance perspective, the annual runoff
depends on the difference between the annual
amount of precipitation and evapotranspiration. In
the present study, the ratio of the sensitivity
coefficient of runoff to P (2.4) is larger than the ratio
of runoff to PET (-1.4) and T (-0.8), which indicates
that the basin is more sensitive to precipitation,
which has a greater capacity to impact the runoff. As
shown in Table 2, the partial correlation results
indicate that the effects of precipitation on runoff are
independently related to the lesser effects of PET,
while the effects of PET on runoff depend on the
greater precipitation effects.

To date, relatively few studies have applied the
climate elasticity approach to the Syrdarya River
Basin and other major river systems in Central Asia.
Nevertheless, the obtained estimates were compared
with results reported for other arid and semi-arid
river basins. All of the results of this study are
similar to those of other studies (Hasan et al., 2018;
Andréassian et al., 2025) the effects of the available
water (precipitation) on river runoff are greater,
while the potential evapotranspiration (which
reflects the energy conditions) has a smaller effect.
This is in good agreement with the findings by the
authors of the work (Sankarasubramanian et al.,
2001)., which indicated that a larger P elasticity
occurs in more arid regions.

Similar patterns of high precipitation elasticity
have been observed in other arid and semi-arid
regions worldwide. Studies in Australia have
reported g, values ranging from 2.0 to >3.0 in water-
limited catchments (Chiew 2006). In the Nile Basin,
precipitation elasticity typically exceeds 2.0 in arid
sub-basins, whereas humid headwaters show g, < 1
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(Hasan et al., 2018). At the global scale, basins with
an aridity index > 1 (water-limited) generally have
gp exceeding approximately 2 (Tang et al., 2020).

The obtained results are consistent with findings
reported for other water-limited river basins
worldwide. For example, a study of five river basins
in south-eastern Brazil demonstrated that
streamflow is highly sensitive to changes in
precipitation and potential evapotranspiration, with
streamflow responses increasing under long-term
climatic shifts (Deusdara-Leal et al., 2022). The
authors reported that a 1% decrease in precipitation
resulted in a 1.21-2.19% reduction in streamflow,
while increasing potential evapotranspiration
contributed to additional runoff declines. Similar to
the Syrdarya Basin, precipitation was identified as
the dominant driver of streamflow variability, and
the sensitivity of runoff increased under drier
climatic conditions. These similarities suggest that
despite differences in climate and physiographic
settings, water-limited basins exhibit comparable
hydrological responses to climatic variability.

The results indicate a strong dependence of
water resources in the Syrdarya River Basin on
climatic factors. Precipitation was identified as the
dominant driver of streamflow formation. The mean
precipitation sensitivity coefficient was 2.4,
indicating a substantial streamflow response even to
relatively small changes in atmospheric moisture
input. This relationship is particularly important for
water-scarce regions of Central Asia, where the
Syrdarya serves as a critical source of water for
irrigation, domestic supply, and energy production.

According to the obtained results, a 10%

decrease in precipitation may result in an
approximately 24% reduction in streamflow,
whereas a 10% increase in  potential

evapotranspiration may reduce streamflow by about
14%. These findings highlight the vulnerability of
the basin to increasing aridity and ongoing climatic
changes. An additional source of uncertainty is the
continued glacier retreat in the Tien Shan
Mountains, which may further increase the
dependence of streamflow on precipitation and
interannual climate variability in the future.

The derived sensitivity coefficients can be used
for preliminary assessments of potential changes in
water availability under different climate scenarios
and may support the development of adaptation
strategies for regional water resource management.
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The climate elasticity approach has been widely
applied to assess the impacts of climate change on
water resources due to its relatively modest data
requirements and its ability to quantify streamflow
responses to climatic variability (Schaake, 1990;
Andréassian et al., 2016). Previous studies
conducted in various river basins worldwide have
shown that streamflow in arid and semi-arid regions
is generally more sensitive to changes in
precipitation than to changes in air temperature or
potential evapotranspiration (Sankarasubramanian
etal., 2001; Arora, 2002; Hasan et al., 2018).

The sensitivity coefficients obtained for the
Syrdarya River Basin are consistent with patterns
reported for other arid river basins. Similar to many
comparable regions, precipitation represents the
primary control on streamflow generation, whereas
the influence of temperature is expressed mainly
through its effect on potential evapotranspiration
and basin water balance (Yang and Yang, 2011; Hu
et al., 2012; Wang and He, 2017). The agreement
between the present results and previously published
studies supports the reliability of the estimates and
demonstrates the applicability of the climate
elasticity approach for evaluating the response of
water resources in the Syrdarya Basin to climate
change.

The results also have important implications for
transboundary water resource management in
Central Asia. The Syr Darya River is shared by
Kazakhstan, = Kyrgyzstan,  Tajikistan, and
Uzbekistan, and supports irrigation, hydropower
production, and domestic water supply across the
region. The high sensitivity of streamflow to
precipitation indicates that even relatively small
changes in climatic conditions may lead to
substantial changes in water availability.
Consequently, future reductions in precipitation or
increases in evaporative demand could intensify
existing competition among water users, particularly
during low-flow periods.

The obtained sensitivity coefficients may serve
as a useful tool for preliminary assessments of
climate-related water risks and can support the
development of adaptation strategies, including
improved reservoir operation, enhancement of
water-use efficiency in irrigated agriculture, and
strengthening of regional cooperation on
transboundary water allocation. Given the projected
warming and continued glacier retreat in the Tien
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Shan Mountains, proactive adaptation measures will
be increasingly important for maintaining water
security and sustainable socioeconomic
development throughout the Syr Darya Basin.

Conclusions

The obtained results are generally consistent
with findings reported by physically based
hydrological modeling studies conducted in
climatically similar river basins.

Changes in runoff are an important part of the
hydrological cycle and are affected by many factors,
and a complicated feedback to climate change
exists. Because of the intimate linkage between
hydrology and climate, this relationship can be used
as an indicator of climate change. In this
investigation, the concept of the climate elasticity of
basin runoff has been applied to quantify the
sensitivity of runoff to climate change. The
conclusions may be compiled as follows:

1) Precipitation and PET are the most important
meteorological variables influencing changes in
river runoff. Runoff was positively correlated with
precipitation but negatively correlated with PET and
temperature, and the  runoff-precipitation
relationships were stronger than the runoff-PET and
runoff-temperature relationships.

2) The average &, egoand er were 2.4, -1.4 and
-0.8, respectively, which indicated that a 10%
increase in precipitation or PET or temperature
would lead to a 24% increase or a 14% and 8 %
decrease in runoff, respectively.

3) The average value of the sensitivity
coefficient varied from 0.65 to 2.8 in the Syrdarya
River Basin. The arid regions are very sensitive § >

1 and show very low runoff (g < 1). It should be

stated that the sensitivity coefficient changes over
the period; it is lower during high water phases and
higher during low water phases.

In general, although in many cases, more
accurate estimates on the influences of climate
variation to runoff for a particular region still need
physically-based hydrological modeling, the results
here show the robust of the simple tool of climatic
elasticity, which allows for providing a helpful
overview of the response of long-time runoff to
climate variation in the study area.

The obtained results provide a basis for
assessing potential changes in water availability in
the Syrdarya River Basin and can support the
development of regional climate adaptation policies
and sustainable transboundary water resource
management in Central Asia.
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