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Abstract: Runoff formation is a complex meteorological-hydrological process impacted by many
factors, especially in the inland river basin. In this study, long-term (1960–2015) river runoff and
climate data in the Arys and Keles River watersheds (Kazakhstan) were gathered to analyze the
impacts of climate variation and human activity on runoff. The non-parametric Kendall test and the
Pettitt test were used to identify trends and change points in the time data series. It was found that
both watersheds had significant upward trends in temperature and potential evapotranspiration
data, and insignificant upward trends in the runoff. Change points in annual runoff were identified
around the year 1973. The hydrological sensitivity method was employed to evaluate the impacts of
climate variation and human activity on mean annual runoff based on precipitation and potential
evapotranspiration. It was found that the decline in annual runoff over both catchments can be mainly
attributed to human activity, the reduction percentages due to human activities range from 59% to
99%. The results of this study can provide a reference for the development and water management of
the regional water resources.
Keywords: runoff; Keles River; Arys River; precipitation-runoff relation; human activity; climate
change

1. Introduction
The continued impacts of climate change, on par with human activities, have altered hydrological
processes and affected the spatiotemporal distribution of global water resources [1–3]. Human activity
has changed the spatial-temporal distribution of water resources through land use, water construction,
and other water engineering and management operations [4]. Climate variation is supposed to have
led to global warming and changes of precipitation and evaporation characteristic [5]. Most scientists
have mainly researched hydrologic responses to land use/cover change and climate variation [6–8],
which are the two dominant factors influencing the hydrological cycle. Several studies showed that the
effects of human activity exert a dominant influence on runoff change compared to climate variation [9].
Wang et al. [10] indicated that, in the Baimasi River, the contribution of runoff variation due to climate
variability was estimated to be 89%, 66%, and 56% in the 1970s, 1980s, and 1990s, respectively. However,
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Döll and Zhang [11] reported that, by 2050 the effects of climate change may have a generally larger
effect on flow regimes than it is estimated that dams and water withdrawals have had until now.
The Arys and Keles rivers are one of the important water arteries in the Syrdarya river basin.
Those rivers are the last tributaries of the Syrdarya River and account for more than 9% of its total
runoff [12]. The Syrdarya River Basin (Central Asia) is characterized by the semi-arid and arid climate
with scarce water resources [13]. Due to the rise in water demand as a consequence of the growing
population and the larger variability in water resources resulting from both climate change and intense
human activities, water resources in this region are increasingly under pressure [13,14]. It has been
proven that there has been a significant increase in temperature and in precipitation over Central
Asia and the Syrdarya River Basin during the recent decades [15,16]. Moreover, human activities
including change in land use (especially the expansion of agricultural land) and dam construction have
significantly affected the water supply and water demand patterns, and impact the runoff reductions
in this region [17]. Therefore, the water resources of Keles and Arys are very important components of
the basin.
The water resources of the Keles and Arys rivers’ watersheds sustain irrigation systems in the arid
region. The rivers originate in the altitudes of the Western Tian Shan mountain ranges, where their
water is generated from seasonal snow accumulations and glacier melt. A change in air temperature
has an impact on the process of snow accumulation and the onset and duration of the spring and
summer melt. It will thus change the flow regimes of the rivers. This will affect irrigated agriculture
which strongly depends on the given spatio-temporal patterns of water availability and distribution.
Next to changing those patterns, an increase in temperature will increase evapotranspiration, which
will make irrigated agriculture even more sensitive to water deficit [18].
Because of the effects of global climate change, such as increasing temperature, precipitation and
evapotranspiration, and human activities, such as irrigation and water constructions, the incoming
water to the Syrdarya River varies strongly [19,20]. Therefore, the extent of climate influence and
quantifying the scale of their effects will help to identify the nature of the influential factors and
improve the management of the Arys River and Keles River watersheds, and the Syrdarya River
Basin as a whole. It is significant to understand the hydrological responses to these changes since the
change in small watersheds runoff affects the water resources of large basins. Hydrological Sensitivity
Analysis is an effective and simple method for determining changes in runoff, which has recently
become a major method by which to distinguish the hydrological response between climate variability
and human activities. Until recently, to our knowledge, detailed analysis on the long-term change
in the runoff of the Arys River and Keles River watersheds and the individual contribution effect of
climatic variation and human activities have not been studied. In this study, we will investigate the
changes in two of the river watersheds in the Syrdarya River Basin, Central Asia. The objectives of this
study were to: (1) assess long-term runoff change in two river basins, (2) detect change points of annual
runoff, and (3) quantitatively evaluate the contribution of climate variation to the runoff change.
2. The Study Area
The study areas are the Arys River and Keles River watersheds (Figure 1), which is the main
runoff-producing area of the Syrdarya River Basin in lower reaches. The main catchment rivers are the
Arys (42◦ 310 0100 N–70◦ 370 3900 E) and Keles(41◦ 570 4200 N–69◦ 420 3300 E), which are right tributaries of
the Syrdarya River (one of the major basins in Central Asia) [21]. Arys originates from the springs
Aksu-Zhabagly Nature Reserve on the Talas Alatau ridge, the right tributaries flows from the Karatau
ridge. The river length is 378 km and the basin area is 14,900 km2 . The average water discharge is
46.6 m3 /s. The maximum discharge occurs in April and the minimum discharge in August.
The Keles river originates from the Karzhantau mountain range. The river length is 241 km,
the basin area is 3310 km2 . The Keles River watershed flows to low mountain areas. The river receives
its main feed from the northwestern slope of the Karzhantau ridge. Water discharge is 6.5 m3 /s.
The river’s maximum discharge occurs in April (water discharge begins to increase from February)
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km from the source (confluence of the rivers Juzumduk and Dzhegirgen), they are absent below this,
and minimum discharge occurs in August. Tributaries of theKeles River can be found in only the first
except for dry ravines. The water resources of the Arys and Keles river watersheds are mainly used
55 km from the source (confluence of the rivers Juzumduk and Dzhegirgen), they are absent below
for irrigation [22,23].
this, except for dry ravines. The water resources of the Arys and Keles river watersheds are mainly
The climate is temperate with cool, dry winters and hot summers, and the mean annual
used for irrigation [22,23].
temperature is in the 5.9–13.4 °C range across the two watersheds. The mean annual precipitation is
The climate is temperate with cool, dry winters and hot summers, and the mean annual temperature
approximately 530
mm in the Arys River Watershed and 421 mm in the Keles River Watershed, 80%
is in the 5.9–13.4 ◦ C range across the two watersheds. The mean annual precipitation is approximately
of which falls between November and March, and the mean annual potential evapotranspiration is
530 mm in the Arys River Watershed and 421 mm in the Keles River Watershed, 80% of which falls
1000–1200 mm. Snow cover is insignificant and unstable. The average snow depth on sloping plains
between November and March, and the mean annual potential evapotranspiration is 1000–1200 mm.
in the south is 5–10 cm. Sometimes there is no snow cover. In the foothills, the snow depth ranges
Snow cover is insignificant and unstable. The average snow depth on sloping plains in the south is
from 15–25 cm, and in the mountains it can reach 30–35 cm. The main land-use types in the study
5–10 cm. Sometimes there is no snow cover. In the foothills, the snow depth ranges from 15–25 cm,
areas are pasture and arable cropland. The main soil types in both watersheds are sierozems and
and in the mountains it can reach 30–35 cm. The main land-use types in the study areas are pasture
mountain sierozems.
and arable cropland. The main soil types in both watersheds are sierozems and mountain sierozems.

Figure
Arys River
River and
and Keles
Keles River
River watersheds
watersheds and
and hydro-meteorological
Figure 1.
1. Arys
hydro-meteorological stations.
stations.

3. Data Collection
3. Data Collection
Metrological data (1960–2015) were collected from 4 stations from the Central Asia Climate
Metrological data (1960–2015) were collected from 4 stations from the Central Asia Climate
Database (http://snobear.colorado.edu/Markw/Geodata/geodata.html). Due to the lack of some
Database (http://snobear.colorado.edu/Markw/Geodata/geodata.html). Due to the lack of some
meteorological observation data, especially in the mountain area, the precipitations (P), temperature (T),
meteorological observation data, especially in the mountain area, the precipitations (P), temperature
and potential evapotranspiration (PET) in the watersheds from 1960 to 2015 were additionally calculated
(T), and potential evapotranspiration (PET) in the watersheds from 1960 to 2015 were additionally
by using the Climatic Research Unit Time Series (CRU, TS v.4.01) (http://www.cru.uea.ac.uk/data/).
calculated by using the Climatic Research Unit Time Series (CRU, TS v.4.01)
This dataset is produced by the Climatic Research Unit (CRU), University of East Anglia, England.
(http://www.cru.uea.ac.uk/data/). This dataset is produced by the Climatic Research Unit (CRU),
The dataset has a resolution of 0.5◦ × 0.5◦ , based on the analysis of over 4000 individual weather station
University of East Anglia, England. The dataset has a resolution of 0.5°×0.5°, based on the analysis of
records [24]. In addition, the PET data in CRU is calculated based on the Penman–Monteith equation,
over 4000 individual weather station records [24]. In addition, the PET data in CRU is calculated
which is the most accurate PET equation. Recent studies [25,26] suggested that the CRU dataset is
based on the Penman–Monteith equation, which is the most accurate PET equation. Recent studies
applicable and satisfactory for hydrometeorological studies in Central Asia.
[25,26] suggested that the CRU dataset is applicable and satisfactory for hydrometeorological studies
The runoff data obtained from the 2 hydrological stations at the Arys River watershed and
in Central Asia.
2 hydrological stations at the Keles River watershed (Figure 1), which were available for the period
The runoff data obtained from the 2 hydrological stations at the Arys River watershed and 2
1960–2015, were used in this study. Data were collected from the State Water Cadastre editions
hydrological stations at the Keles River watershed (Figure 1), which were available for the period
1960–2015, were used in this study. Data were collected from the State Water Cadastre editions books
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books [27,28]. The control areas of the Zhusansay, Arys stations are 4080 km2 and 13,100 km2 , the
Akzhar and Keles river mouth stations are 1960 km2 and 3310 km2 , respectively. They account for
about 27–50% and 87–99% of the watersheds.
Furthermore, we collected land use/land cover maps for 1976, 1994, and 2012. Changes in 8 land
use/land cover categories, including irrigation area, non-irrigation area, grassland, water, urban land,
bared land, mountainous and wetland, were quantified for the Arys River and Keles River watersheds.
4. Research Methods
4.1. Mann–Kendall Trend Test
Mann–Kendall (MK) [29,30] rank-based nonparametric statistical tests are applied in many
hydro-climatological studies, which are used for detecting monotonic trends in time series data.
Yue and Wang [31] indicated that the power of the trend depends on the pre-assigned significance
level, magnitude of trend, sample size, and the amount of variation within a time series.
The Mann–Kendal trend test was used in this study to investigate trends in the climatic and
stream flow variables considered. The test statistic S is given by:
S=

n−1 X
n
X



sgn x j − xk

(1)

k =1 j=k +1

where, xj and xk are the annual data values in years j and k, j > k respectively, and n is the number
of observations.





+1 if x j − xk



 



(2)
sgn x j − xk = 
0
if x j − xk






−1 if x j − xk
S is normally distributed with mean 0, and Variance,
Var(S) =

n(n − 1)(2n + 5)
,
18

(3)

the variance Var(S) and Z are computed using Equations (3) and (4), respectively. Computation for the
Z score is obtained by:
 S−1

√
if S > 0



Var(S)



Z=
(4)
0
if S = 0





if S < 0
 √S+1
Var(S)

For a given level of significance α, the null hypothesis of no trend in the time series will be rejected
if |Z|>z, 1−α . More specifically, Z>z, 1−α indicates the existence of an increasing trend and Z<z, α implies
a decreasing trend.
The MK test should be applied to series data which are independent or uncorrelated [32]. However,
certain hydrological time series may frequently display statistically significant serial correlation.
Therefore, in order to eliminate the influence of serial correlation, “pre-whitening” was proposed by
Von Storch [33] to remove the lag-1 serial correlation (r1) from the time series.
4.2. Change Point Analysis Method
The Pettitt’s test [34] is a non-parametric approach to determine the occurrence of a change point.
It has been commonly used to detect changes in the hydrological series as well as climatic ones [35].
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This approach considers a time series as two samples represented by x1 ; x2 ; . . . ; xt and xt+1 ; . . . ; xn .
The Pettitt indices Ut,n can be calculated from the following formula [36]:
Ut,n =

t X
n
X



sgn x j − xi (t = 1, . . . , n)

(5)

j=1 i=1

where, the maximum Ut,n corresponds to the change point year.
The double cumulative curve (DCC) is the plot of the accumulated values of one variable against
the accumulated values of another related variable for a concurrent period [37]. The DCC between
precipitation and runoff has recently become an effective tool for detecting the changes of hydrological
regime due to anthropogenic disturbances [38]. Normally, the DCC between precipitation and runoff
is a straight line, a change in the gradient of the curve may represent that the original relationship
between variables has been broken. In this study, the DCC will be utilized to identify the change
point of the runoff series as a confirmation of the change points detected by Pettitt’s test. Using trend
and change-point analysis, the runoff series can be divided into the pre-change and the post-change
periods. Thus, the impacts of climate variability and human activities on runoff can be separated by
using the following method.
4.3. Hydrologic Sensitivity Analysis Method
The hydrological sensitivity analysis method can be described as the percentage change in annual
runoff in response to the change in annual precipitation and evapotranspiration. The concept is based
on a water balance for a watershed and can be described as:
P = AET + R + ∆S

(6)

where, P is the precipitation (mm), AET is the actual evapotranspiration (mm), R is the runoff (mm),
and ∆S is the change in the basin water storage (mm). Over a long period of time (i.e., equal to or
greater than 10 years), ∆S can be assumed as zero.
Following a simple model (called Zhang’s curve) developed by Zhang et al. (2001):
AET
=
P



1 + w PET
P

 
−1
1 + w PET
+ PET
P
P

(7)

where, PET is the potential evapotranspiration and w is a model parameter related to the vegetation
type, soil hydraulic property, and topography [39]. In this study, the parameter w is calibrated by
comparing the annual AET from Equations (6) and (7).
Variation in both precipitation and PET can lead to changes in the water balance. As a first-order
approximation, the total change in mean annual runoff can be estimated as:
∆Robs = ∆Rclim + ∆Rhum ,

(8)

where, ∆Robs indicates the observed change in mean annual runoff, ∆Rclim is the change in mean
annual runoff due to climate variation, and ∆Rhum represents the change in mean annual runoff due to
human activity.
Based on the hydrologic sensitivity relationship, the change in mean annual runoff due to climate
variation (∆Rclim ) can be approximated as follows [40]:
∆Rclim = β∆P + γ∆PET,

(9)

where, ∆Rclim represents the change in mean annual runoff due to the effect of climate change. ∆P and
∆PET denote changes in mean annual precipitation and potential evaporation respectively, and
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β and γ are the sensitivity coefficients of runoff to precipitation and potential evaporation, which are
expressed
[41] as:
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5. Results
5. Results
5.1. Trend and Change-Point Analysis of Temperature and Precipitation Series
5.1. Trend and Change-Point Analysis of Temperature and Precipitation Series
The decadal trends in meteorological factors such as P, T, and PET were analyzed to understand
The decadal trends in meteorological factors such as P, T, and PET were analyzed to understand the
the effect of climate characteristics on the hydrological system [42,43].Over the past 55 years, the
effect of climate characteristics on the hydrological system [42,43]. Over the past 55 years, the Arysand
Arysand KelesRivers’watersheds showed an increasing trend of temperature, precipitation, and
KelesRivers’watersheds showed an increasing trend of temperature, precipitation, and evaporation
evaporation (Figure 2). The annual T increased at a rate of 0.029 °C/year. Moreover, the annual P and
(Figure 2). The annual T increased at a rate of 0.029 ◦ C/year. Moreover, the annual P and PET had
PET had positive trends of 0.32–0.38 and 1.1 mm/year, respectively.
positive trends of 0.32–0.38 and 1.1 mm/year, respectively.
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Figure 2. The trend analysis of the annual mean temperature, precipitation, and evaporation time series.
Figure 2. The trend analysis of the annual mean temperature, precipitation, and evaporation time
Based
series. on the Mann–Kendall test, the long-term trends of P, PET, and T over the past 55 years

are shown in Table 1. The trend of P was upward, but the increase was not obvious. The PET and
T showed
significant
increasing test,
trendthe
at long-term
the 0.05 confidence
level.
whole
Basedaon
the Mann–Kendall
trends of P,
PET,Throughout
and T over the past
55study
years
are shown in Table 1. The trend of P was upward, but the increase was not obvious. The PET and T
showed a significant increasing trend at the 0.05 confidence level. Throughout the whole study period
(1960–2015), the results indicated that the study area underwent a climate variation, which may
influence the runoff.
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Table Table
1.
And
forprecipitations
precipitations
temperature
(T), potential
and potential
1. andchange-point
change-point analysis
analysis for
(P),(P),
temperature
(T), and
evapotranspiration (PET) (1960–2015).
evapotranspiration (PET) (1960–2015).

Arys
River
Watershed
Arys
River
Watershed
Mann–Kendall
Test
point
Mann–Kendall Test Change
Change
(year)
Z-Value Significance
Point (year)
Z-Value
Significance
Temperature
3.3
*
1996
Temperature 1.3 3.3
*
Precipitation
N
19891996
Precipitation
N
PET
2.26 1.3
**
19961989
PET
2.26
**
1996

KelesRiver
RiverWatershed
Watershed
Keles
Mann–Kendall
Test
Change Point
Mann–Kendall Test
Change
(year)
Z-Value Significance
Point (year)
Z-Value
Significance
3.4
*
1996
3.4
1996
1.1
N*
1989
1.1
1989
2.1
** N
1999
2.1
**
1999

Factor
Factor

** and * indicate significance levels of 0.01 and 0.05
** and * indicate significance levels of 0.01 and 0.05.

It can be observed from the Pettitt test results (Table 1) that all annual temperature series had a
It can be observed from the Pettitt test results (Table 1) that all annual temperature series had
change point in 1996. As with temperature, the precipitation series had a change point in 1989 also.
a change point in 1996. As with temperature, the precipitation series had a change point in 1989 also.
All precipitation time-series had a monotonic tendency over the last 55 years.
All precipitation time-series had a monotonic tendency over the last 55 years.
5.2. Trend and Change-Point Analysis of Runoff
5.2. Trend and Change-Point Analysis of Runoff
The analysis of runoff was done based on the record at Zhusansay and Arys stations (Arys River
The analysis of runoff was done based on the record at Zhusansay and Arys stations (Arys River
watershed) and Akzhar and Keles river mouth stations (Keles River watershed). The Zhusansay and
watershed) and Akzhar and Keles river mouth stations (Keles River watershed). The Zhusansay and
Akzhar stations are located in mid-stream and upstream and Arys and Keles river mouth stations are
Akzhar stations are located in mid-stream and upstream and Arys and Keles river mouth stations
located in the watershed downstream. Based on the Mann–Kendall test, the value of statistic Z was
are located in the watershed downstream. Based on the Mann–Kendall test, the value of statistic Z
1.5–1.7, suggesting that during the past 55 years, the annual runoff exhibited an increasing trend
was 1.5–1.7, suggesting that during the past 55 years, the annual runoff exhibited an increasing trend
across the entire study area, at a rate of 0.1–0.16 mm/year (Arys River) and 0.11–0.14 mm/year (Keles
across the entire study area, at a rate of 0.1–0.16 mm/year (Arys River) and 0.11–0.14 mm/year (Keles
River) (Figure 3). The annual trend showed an increasing trend which is not significant (Table 2).But,
River) (Figure 3). The annual trend showed an increasing trend which is not significant (Table 2). But,
considering the change in river runoff for the 80-year period, the analysis showed a decrease in river
considering the change in river runoff for the 80-year period, the analysis showed a decrease in river
runoff at a significant level. This means over the past 55 years the river’s runoff has been growing.
runoff at a significant level. This means over the past 55 years the river’s runoff has been growing.
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Figure 3. The trend analysis of the annual runoff time series.
Figure 3.The trend analysis of the annual runoff time series.

The Pettitt’s test and DCC method were applied to identify the change-point of the annual runoff
series. The results of Pettitt’s test are shown in Table 2, it was concluded that 1991–1992 could be the
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N
1991
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1.713
N Test
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Mann–Kendall
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Change Rate (mm/10a)
Change Point (year)
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Combining the DCC method and Pettitt’s test, 1976 and 1991 could be the abrupt change points
reflecting
that climate
variability
tocould
affectbe
thethe
river
runoff.
Therefore,
Combining
the DCC
methodand
andhuman
Pettitt’sactivities
test, 1976changed
and 1991
abrupt
change
points
1960–1975
was
taken
as
the
natural
period
during
which
the
effect
of
climate
variability
and
human
reflecting that climate variability and human activities changed to affect the river runoff. Therefore,
activities
onwas
runoff
wasasless
Theduring
periodswhich
1976–1991
and 1992–2015
considered
as the
1960–1975
taken
therecognized.
natural period
the effect
of climate were
variability
and human
climate
and
human-induced
period
during
which
intensifying
climate
variation
and
human
activities
activities on runoff was less recognized. The periods 1976–1991 and 1992–2015 were considered as
resulted
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perturbations ofperiod
the runoff.
Therefore,
period was
divided
into three
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the climate
and human-induced
during
which the
intensifying
climate
variation
and
human
1960–1975,
1976–1991,
and 1992–2015.
activities resulted
in obvious
perturbations of the runoff. Therefore, the period was divided into three

durations: 1960–1975, 1976–1991, and 1992–2015.
5.3. Precipitation–Runoff Relationship
5.3.Precipitation–Runoff
Relationship
Changes in the runoff
due to climate variations and human activities have been shown to be
sensitive
to variations
in thedue
precipitation
Linear and
and correlation
relationships
between
annual
Changes
in the runoff
to climate[44].
variations
human activities
have been
shown
to be
sensitive to variations in the precipitation [44].Linear and correlation relationships between annual
precipitation and annual runoff were used to identify the relationship between precipitation and
runoff variations. The correlation between the precipitation and runoﬀ was good in both watersheds,
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precipitation and annual runoff were used to identify the relationship between precipitation and runoff
variations. The correlation between the precipitation and runoff was good in both watersheds, where
the correlation coefficient was 0.5–0.75 (at a significance level of 0.05). In the Syrdarya River Basin, the
natural land cover has been significantly changed by the increase of population, large-scale agricultural
development, and water construction activities since the mid-1960s [45].
To separate and quantify the effect of climate variation from human activities on runoff, the
baseline period was defined as prior to 1975. In 1960–1975, results for precipitation-correlated runoff for
the Arys and Keles rivers watersheds was 0.75–0.83, after the 1975 correlations it decreased to 0.5–0.6
(1976–1991). For the period 1992–2015 the correlation coefficient was 0.5–0.81. These results show that
the runoff was dramatically impacted by the water-related human activities (e.g., intensive land use
change, agricultural irrigation, river engineering) after 1975 in the Arys and Keles rivers watersheds.
5.4. Effects of Climate Change and Human Activities on Runoff
Determining the sensitivity of runoff to climate variation still remains a difficult problem in
hydrology, due to the combined feedback between climate, land-use changes, soil water capacity, and
soil hydrologic conductivity [46]. Precipitation, potential evaporation, and aridity index, as the typical
indicators for representing the interaction between water and heat limitation on runoff, could be used
to estimate the impact of climate variation on runoff in study areas.
For both watersheds, the hydrologic sensitivity analysis method provided approximate estimates
of the change in the runoff for change periods induced by climate variation and human activities.
The quantitative assessment showed that human activities played a negative effect on runoff in
two watersheds (Table 3). The results showed that the percentage changes in the runoff due to
human activities were 91.1%–95.5% (Arys River Watershed) and 80%–91.3% (Keles River Watershed)
for 1976–1991, while climate variation only accounted for 4.5%–18.9% and 8.7%–20%, respectively.
However, the impact of climate variability appeared to become stronger from 4.5%–20% to 52.6%–66.4%
(Arys River Watershed) and 56.3%–72.2% (Keles River Watershed) during 1992–2015, which may be
due to the strengthening of climate variation in the 1990s in both watersheds. The result showed that
runoff in these watersheds was more sensitive to climate variability after 1991.
Table 3. Contributions of climate variation and human activities on changes in runoff.
Watershed

Stations

Period

∆R (mm)

Zhusansay

1960–1975
1976–1991
1992–2015
1976–2015

∆Rclim

∆Rhum

mm

%

mm

%

−15.7
3.4
−4.2

−0.4
35.8
21.8

18.9
66.4
65.0

−1.8
−18.1
−11.7

81.1
−33.6
−35.0

Arys

1960–1975
1976–1991
1992–2015
1976−2015

−35.8
1.1
−13.7

−1.6
10.8
5.4

4.5
52.6
22.1

−34.2
−9.8
−19.1

95.5
47.4
77.9

Akzhar

1960–1975
1976–1991
1992–2015
1976–2015

−9.8
4.4
−1.3

−3.3
7.1
2.8

20.0
72.2
40.6

−13.0
−2.7
−4.1

80.0
27.8
59.4

Keles river
mouth

1960–1975
1976–1991
1992–2015
1976–2015

−15.3
4.7
−3.3

1.6
20.8
12.3

8.7
56.3
44.1

−16.9
−16.1
−15.6

91.3
43.7
55.9

Arys

Keles

In the period 1976–1991, a decrease in runoff was found in both watersheds. Furthermore, human
activity played a big and negative role in reducing runoff. Then, as the influence of climate was not
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observed at all, the precipitation rates at this time did not change or were less than in the baseline
period. The subsequent 1992–2015 period shows an increase in climate influence. Precipitation has
increased in comparison with the base period. At the same time, human activity decreased, but it
remained at the same level downstream of the Keles River watershed. All this had a positive response
to the runoff, which generally led to an increase in runoff. Nevertheless, in the 1976–2015 period,
human activity was prevalent.
6. Discussion
6.1. Climate Variation and its Impact on Runoff
Climate variation and human activity are two prevailing factors that influence runoff variation.
Several studies reported an increase in precipitation [16] and in PET [47,48] in the Aral Sea basin and
the Syrdarya River Basin. Overall, our findings showed similar trends in precipitation and PET for
both watersheds. However, the results showed that the precipitation during the last 55 years increased
by an insignificant level in the Keles and Arys Rivers’ watersheds. Some studies describe that Global
warming, southward shift, and intensification of the westerly cyclones and the associated changes of
water vapor at the middle latitudes are likely the major factors that increase the precipitation over
Central Asia [49,50].
Based on estimated changes in runoff due to climate variation and human activities, we found the
runoff was sensitive to the quantity of precipitation. When precipitation was less than average, the
surface runoff was reduced and would also spur human activities in these regions. Moreover, when
precipitation was more than average, the runoff showed a positive value. In addition, precipitation
and runoff had a strong and good positive correlation. Runoff in watersheds increased by 3–4 mm due
to climate variation in 1991–2015. Thus, it can be seen that precipitation plays a significative role in
runoff variation for watersheds.
6.2. Human Activity and its Impact on Runoff
In both watersheds, human activities played a dominant role in runoff decline and the impact in
1976–1991 was much larger than that of other periods.
Land cover/use in the Arys River watershed has changed substantially since 1967, with the
construction of the Arys–Turkestan water channel. The river watershed is provided by 57 thousand
hectares of irrigated land available in Ordabasy, Otyrar districts and the Turkestan city (Kazakhstan) [51].
Moreover, the Keles River flows into the Chirchik–Akhangaran–Keles irrigation area (67.5 thousand
hectares of irrigated land in the Kazakhstan part). In the 1970s, the irrigation area increased three
times, which led to an increase in water intake [52]. Table 4 shows the changes in the main types of
land cover/use in the Arys River and Keles River Watersheds.
Table 4. Land cover/use in 1975, 1995, and 2012 in the Arys River and Keles River watersheds (km2 ).
Arys

Keles

Land Cover/Use
Type

1976

1995

2012

1976

1995

2012

Irrigated Agriculture
Rainfed Agriculture
Grass Land
Water Body
Built-up Land
Bare Land
Wetland
Mountainous

758
2576
3531
17
713
749
217
6332

974
2648
3350
15
1014
620
201
6073

993
2393
2952
15
1573
708
211
6052

908
698
393
11
394
–
–
896

1067
753
207
9
409
–
–
864

1046
620
282
8
535
–
–
818

According to the table, the grass land type showed a sharp decline during the 1994 and 2012
periods by 5% and 16% in the Arys River watershed and by 47% and 28% in the Keles River watershed
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when compared with that of 1976, while the irrigated land and built-up land had an increasing trend.
The increasing built-up land reveals an increasing water demand in domestic and industry that could
aggravate the conflict in water supply and demand. In addition, with the rapid growth of population
in the Aral Sea Basin and the Syrdarya Basin, the area of irrigated land expanded. The area of irrigated
land in 2015 increased by more than 31% (Arys watershed) and 15.1% (Keles watershed) than that
of 1976.
Since 1992, after the dissolution of the Soviet Union, due to the restructuring of state and collective
farms into small farms, there has been a decrease in irrigated land [53] and water intake for irrigation
has been reduced, respectively. But, in the future, there planned to increase irrigated land in these
areas. Also, the population of both watersheds is rising [54]. Moreover, the increasing water demand
for agriculture irrigation and for populated areas would consequently increase water consumption.
The change of runoff was closely related to human activity. However, climate variation also
played an important role in runoff change. In reality, land use/cover can be influenced by both climate
variation and human activities and climate variation can also be affected by human activities.
6.3. Uncertainties Analysis
There are various uncertainties in the hydrologic sensitivity analysis method in assessing the
effects of climate variation and human activities on runoff. The hydrologic sensitivity analysis method
is based on the data for a long-term period hydro–meteorological observation data without the effects
of human activities. In actuality, there were only 55 years of observation data in watersheds, and
even during the baseline period (1960–1976), there may be some human disturbances, such as water
construction and irrigation. Also, the limited number and distribution of hydro–meteorological
stations may affect the simulation accuracy of the hydro–climatic variables (such as P, PET, and AET).
Furthermore, the method expects that climate variation and human activities are independent of
each other. However, climate variation may influence human activities such as land use, and human
activities such as extensive urbanization and expanded population may cause changes in climate
(water). Despite the uncertainties and limitations, this study led the understanding of the sensitivity of
runoff to climate variation and human activities in the Arys River and Keles River watersheds, where
water is pointed for development of the arid land. Finally, further study will be carried out on the
estimation of these uncertainties in our future studies to improve the results.
7. Conclusions
This study investigated the impacts of climatic variation and human activity on a 55-yeartrend
of runoff in two river watersheds, Arys and Keles, in Kazakhstan. This work applied the hydrologic
sensitivity analysis method to identify these effects. We found an upward trend in the rivers’ watershed’s
runoff, but at an insignificant level. Through Pettitt’s test and the DCC method, an abrupt change point
in annual runoff was identified in the studied areas, which occurred in the years between 1975 and
1991 dividing the long-term hydrologic series into a baseline period (1960–1975) and a climate and
human-induced period (1975–1991 and 1992–2015).
The contribution of climate variation and human activities varied temporally. The hydrologic
sensitivity analysis method estimated the effects of climate variation and human activities on runoff
in 1960–2015, indicating that human activities were the main factor that decreased runoff with
the contribution of 54%–78% during 1975–2015, while climate change only accounted for 15%–45%.
However, the impact of climate change increased from 2.5%–20% to 52.5%–54.2% (Arys River Watershed)
and 56.3%–72.2% (Keles River Watershed) during 1992–2015.
This study sheds light on the understanding of the felling of runoff to climate variation and human
activities in the watersheds, where water is crucial for agriculture and the water geosystem. The results
of the present work can supply a reference to regional water resources management and planning.
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