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A B S T R A C T   

This study analyses, compares and correlates historical hydrometeorological data for the Zhetysu 
Alatau region and its main rivers (Lepsy, Sarykan, Koktal, Byzhy) to document characteristics and 
evidence of changes in climate change (temperature and precipitation) and its impact on annual 
and monthly river runoff. This study applies Andreyanov method for computation of runoff data 
and Mann-Kendall statistic method for assessing statistically significant or weak trends. The study 
reveals that the pattern of temperature for period of 1960–2020 and runoff for period of 
1930–2019 has changed in the region. Mann-Kendall test result indicates a statistically significant 
increase in temperature at all meteorological stations (p < 0.01), while the fluctuations in pre-
cipitation trends are not meaningful (p > 0.05). Andreyanov method shows significant changes in 
intra-annual runoff trends, e.g., calculations for the period of 1965–2019 show a decrease of 5.3% 
in summer runoff in the Sarykan river, and the increase in runoff in the remaining months was 
6.4% higher compared to the period of 1930–1965. Furthermore, the Mann-Kendall test confirms 
a significant positive trend in the change of seasonal runoff for the Sarykan, Byzhy, and Koktal 
rivers (p < 0.02). The precipitation is one of the main factors influencing river runoff and the 
correlation coefficient between river runoff and precipitation for Lepsy river is r = 0.81; for 
Byzhy river is r = 0.70; for Koktal river is r = 0.62; for Sarykan river is r = 0.60.   

1. Introduction 

The environment in all regions of the world is changing quickly due to anthropogenic activities and environmental change [1,2]. 
The element most impacted by anthropogenic activities and environmental changes is surface water resources [3]. Examples of 
anthropogenic activities that have changed spatial and temporal distribution of water resources are agriculture, irrigation, land use, 
water-soil conservation, and the energy sector [4,5]. Environmental change appears as variations in temperature and precipitation 
patterns, and as a result, it directly affects the hydrological and thermal characteristics of water resources and freshwater ecosystem 
quality [6,7], while anthropogenic activities accelerate these changes [8–10]. The impact of environmental change on river flow varies 
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depending on the geographic region [11]. In cold areas, runoff and its features are significantly impacted by rising temperatures [12]. 
Temperature variations affect the timing of snowmelt runoff peaks and the increase of winter and spring runoff [13]. The flooding 
situation in humid places could get worse due to a rise in the frequency of extreme precipitation events [14]. The regional water 
scenario worsens in semi-arid regions as temperatures rise and evaporation rates rise [15]. The river flows in arid regions depend on 
the impact of climate change on glaciers, the primary source of water supply for surface water resources [16–20]. 

The Central Asian water resources are especially vulnerable because this region primarily depends on snow and glacier replen-
ishment in the mountainous areas [21]. It is reported that several surface water resources of Central Asian region have experienced 
sharp changes in runoff trends [22]. As a result, surface-water resources surrounding ecological environment on these rivers has been 
somewhat impacted [23]. Changes in the runoff trends are a significant factor in the sustainable development of Central Asian 
agriculture [24]. Negative runoff changes influenced regional stability and national security, exacerbated water resource conflicts, and 
strained international relations in Central Asian region [25,26]. A rapid population increase, and irrational use of local water supplies 
have severely hampered economic progress and ecological preservation in the Central Asian region [27]. Due to the escalating water 
shortage concerns and increasing frequency of floods and droughts, the effects of anthropogenic activities and climate variability on 
surface water resources have emerged as a crucial area of sustainable management policy [28]. The regional climate and water 
resource changes of Central Asia have been investigated to assure ecological and water security [29], develop regional climate changes 
for water resource impact assessment, and better comprehend the policies regulating changes to the region’s water resources [30–32]. 
However, researching a hydrologic response to climate change and variation is needed for the Central Asian region for sustainable 
development and science-based policy formulation and implementation. Therefore, ensuring water security in the face of these 
challenges requires a monitoring runoff, which is a critical activity for ensuring the sustainable and effective management of water 
resources. 

This study analyses, compares and corelates a historical hydrometeorological data for the Zhetysu Alatau region and its main four 
rivers (Lepsy, Sarykan, Koktal, Byzhy) for documentation of characteristics and evidence of changes in climate change (temperature 
and precipitation), and its impact on annual and monthly river runoff. By using a combination of methods (method of reconstruction of 
missing data, Andreyanov method, Mann-Kendall method), it is possible to gain a more comprehensive understanding of runoff 
patterns and its dynamics, and to develop effective strategies for addressing water-related challenges. The rest of the study is organized 
into three sections. Section 2 presents a description, information, and data on the study area, hydrometeorological data collection and 
reconstruction of missing data, Andreyanov and Mann-Kendall methods. Next, in section 3, the study provides results of data analysis 
on temperature and precipitation change, temporal runoff dynamics, and comparative description of intra-annual runoff change in 
Lepsy, Sarykan, Koktal, Byzhy rivers. Finally, section 4 and 5 provides discussion, and it draws a conclusion. 

2. Study area, datasets and methodology 

2.1. Study area description 

The Zhetysu Alatau region of Central Asian region (Fig. 1) is the research subject of this paper. The Zhetysu Alatau area is a 
mountain and river basin located in the South-Eastern part of Kazakhstan between the Ile River and Alakol lake along the state border 
between Kazakhstan and China. The Zhetysu Alatau Mountains span 450 latitude km and have a width of 100–250 km [33]. The name 
of Zhetysu Alatau means “Seven Rivers Mountains” in Kazakh, referring to the seven rivers that originate from the range and flow into 
different directions. All rivers differ regarding observation periods, water catchment areas, and orographic and landscape locations. 

Fig. 1. Study area: the Zhetysu Alatau, the South-Eastern part of Kazakhstan.  
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The Lepsy river, which is situated in glaciers at an elevation of more than 3000 m above sea level, is the most significant in the 
northeast zone [34]. The Sarykan and Koktal, rivers, which have their origins in glaciers as well, flow in the northern zone. The Byzhy 
river is situated in northwest slope with dominant snow cover. According to the hydrological regime, most rivers are spring-to-summer 
seasonal flood streams, with maximum discharges occurring when the snow cover melts in the spring and glaciers feed rivers in the 
summer. These rivers play an important role in the functioning of the large endorheic lake Balkash Lake. The Balkhash Lake is a main 
benefiter of the runoff of the rivers of the Zhetysu Alatau. In the context of a reduction in the inflow of water along the Ile River from 
the territory of China, the ways to preserve Balkash Lake will largely depend on the rivers under study [34]. 

The continental climate of the Zhetysu Alatau mountain system is characterized by a significant amount of solar radiation, a dry and 
warm summer, a cold winter with minimal snow in the foothills, frequent temperature inversions, and a heavy coating of snow in the 
mountains. The coldest month is January, which ranges from − 13 ◦C to − 14 ◦C. The typical annual temperature in the high-altitude 
region of Zhetysu Alatau is between − 5 ◦C and − 7 ◦C [35]. Both arctic and temperate air masses influence the Zhetysu Alatau mountain 
system’s climate. During the winter, Arctic air masses flow from the north and northwest, decreasing local air temperatures [36]. The 
altitude impacts the distribution of precipitation. Precipitation ranges from 1000 to 1600 mm− 1, with the peak amounts occurring 
between 1800 and 2200 m above sea level [37]. The Zhetysu Alatau range is home to several glaciers [38]. The largest glacier in the 
Zhetysu Alatau range is the Inylchek glacier, which spans both the Kyrgyzstan and Kazakhstan borders and is part of the greater Tian 
Shan mountain range. Other glaciers in the Zhetysu Alatau range include the South Inylchek glacier, Kaindy glacier, and the Merz-
bacher glacier. The Balkhash Lake is a main benefiter of the runoff of the rivers of the Zhetysu Alatau [39]. The area is also rich in 
biodiversity, with numerous endemic and rare species of plants and animals, including the endangered snow leopard, ibex, and argali 
sheep [40]. 

2.2. Hydrometeorological data 

Hydrological data for the period 1930–1965 was obtained from the reference document “Surface water resources of the USSR” 
[41]. Data from 1965 to 2020 was provided by the National Hydrometeorological Agency “Kazhydromet”. The data includes hy-
drological indicators for Zhetysu Alatau rivers. In addition, monthly climate data (temperature and precipitation) for the period 
1960–2020 were collected from several meteorological stations in Kogaly, Lepsy, Matay, Sarkand, Ushtobe. For a few stations of the 
study region, there needs to be more hydrologic data on mean monthly and annual runoff data. For reconstruction runoff data, hy-
drologic method was used based on the similarities between hydrologic phenomena [42–44]. This method is advised for use by the 
WMO’s and Hydrological Practices and Kazakhstan’s national hydrometeorological guidelines [45]. The primary factor in selecting a 
similar site is the existence of synchronicity in the variations of the river runoff of the calculated reference and analog station, which is 
quantified by the coefficient of pair or multiple correlations between the runoff at these places using regression analysis. In the 
regression analysis of monthly runoff data for year (Qi) the following model was used in this study: 

n, ≥(6 − 10);R≥Rkp;
R
σR

≥Akp;
k
σk

≥ Bkp (1)  

where n, - number of years of observations at the reference and analog station (n, - ≥ 6 with one analog, n, > = 10 with two or more 
analogues); R – coefficient of pair or multiple correlation between the runoff values of the studied river and runoff values at analog 
points; k – regression coefficient; σk – standard error of the regression coefficient; Rkp – critical value of the pair or multiple correlation 
coefficient; Akp, Bkp – critical values of R

σR 
and k

σk
. The combined graphs of characteristics of the synchrony of long-term fluctuations in 

different rivers are presented in Appendix 1. 

2.3. Andreyanov method 

The runoff variations with within year was calculated with Andreyanov method (Andreyanov, 1960). The Andreyanov method was 
used to estimate the “Surface water resources of the USSR” from 1930 to 1965. The runoff distribution was compared between 1930- 
1965 and 1965–2019. According to Andreyanov method [46–49], runoff data was considered by months and seasons (as a percentage 
of annual) for water content periods. Calculation of the distribution of river runoff was carried out for the Lepsy, Sarykan, Koktal, and 
Byzhy rivers based on Andreyanov method with the variation coefficients of runoff: 

f (t)=

∑T

t=1
(kt − 1)

Cv
(2)  

where Cv is the variation coefficients of runoff; kt =
Qt
Q0 

is the modulus coefficients; Qt and Q0 is the discharge of the tn year and the 
average discharge for the period of time T. Qualification of water content periods are made according to the probability curves: high- 
water (25%), medium (50%), low-water (75%), and very low-water (95%). 

2.4. Mann-Kendall method 

The Mann-Kendall test is a statistical method used to detect trends in time series data. The Mann-Kendall test is commonly used in 

S. Issaldayeva et al.                                                                                                                                                                                                   



Heliyon 9 (2023) e17897

4

climate and hydrological studies to detect trends in temperature, precipitation, streamflow, and other variables over time [50–53]. The 
Mann-Kendall test involves calculating a measure of the strength and direction of trends in the data, called the Kendall rank correlation 
coefficient (tau). If tau is positive, it indicates an increasing trend, while a negative tau indicates a decreasing trend. A tau value of zero 
indicates no trend. The test additionally calculates a p-value, which indicates the statistical significance of the trend. If the p-value is 
below a chosen significance level (typically 0.05), it indicates that the trend is significant and unlikely to have occurred by chance. 
However, it is important to note that the Mann-Kendall test is not a perfect tool and has some limitations. For example, it does not 
consider the possible influence of other factors on the data, such as changes in land use or natural variability. As with any statistical 
method, it is important to carefully consider the assumptions and limitations of the Mann-Kendall test and to interpret the results in the 
context of the specific data and research question at hand. 

The Mann-Kendall test was used in this study to assess trends in time series data and find significant or weak changes in climate 
(temperature and precipitation) and runoff data. The s-statistic is used to test time series with fewer than ten values; for time series with 
more than ten values, normal approximation or z-statistic are employed. The difference between growing and decreasing pairs of 
values in the time series is the basis for the s or z-statistic used in the Mann-Kendall test. The formulas for computing Mann-Kendall 
s-statistic (eg. 3) is: 

s=
∑n− 1

i=1

∑n

j=i+1
sgn

(
xj − xi

)
(3)  

where xi (i = 1,2,…,n − 1) and xj (j= i+1,…, n) are the sequential data values, n is the length of the data series; each of the data point 
xi is taken as a reference point which is compared with the rest of the data points xj thus, sgn (eg. 4) is expressed as: 

sgn
(
xj − xi

)
=

⎧
⎨

⎩

+1 if
(
xj − xi

)
> 0

0 if
(
xj − xi

)
= 0

− 1 if
(
xj − xi

)
< 0

(4) 

The variance statistic (eg. 5) is given as: 

VAR (s)=
n(n − 1)(2n + 5) −

∑m

i=1
ti(i)(i − 1)(2i + 5)

18
(5) 

The z - statistic (eg. 6) is computed as: 

Z =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

s + 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
var (s)

√ s > 0

0 s = 0
s − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
var (s)

√ s < 0

(6) 

A positive (negative) value of z - statistic indicates an upward (downward) trend. If data is not random and influenced by auto-
correlation, modified Mann-Kendall test used for trend detection studies. The Mann-Kendall tests produces false results due to the 
presence of autocorrelation in time series data; in this case, modified Mann-Kendall tests test gives correct results. The auto correlation 
coefficient has been calculated by t-test (eg. 7) as: 

t= |P1|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n − 2
1 − P2

1

√

(7)  

where t is the t-value and n is the number of observations. P is value after variance correction which is given by (eg. 8): 

p=
∑n− k

t=1 (xt − xt)(xt+k − xt+k)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[∑n− k

t=1 (xt − xt)
2∑n− k

t=1 ((xt+k − xt+k)
2)
]√ (8)  

where xt is the observed value, xt is the mean of first n-k terms and xt+k is the mean of last n-k terms. If the correlation in the pre-
cipitation data has been investigated, the trend analysis has been calculated by modified Mann-Kendall test and a correction factor is 
given as follow (eg. 9): 

n
n∗

S
= 1 +

2
n(n − 1)(n − 2)

∑n− 1

k=1
(n − k)(n − k − 1)(n − k − 2)Pk) (9)  

where n is the total observation, n∗
S is the effective observation for autocorrelation, and Pk is the function of automatic correlation. 

Variance of modified Mann-Kendall test has been calculated by multiplying the variance of Mann-Kendall test by correction factor as 
(eg. 10): 
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var(S∗)= var(S)
n
n∗

S
(10) 

Corrected Zc - statistic after variance of modified Mann-Kendall test is computed by using modified variance Var(S∗) by following 
(eg. 11): 

Zc=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

s ∗ − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
var(s∗)

√ s∗ > 0

0 s∗ = 0
s ∗ +1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
var(s∗)

√ s∗ < 0

(11) 

All the statistical analyses were done using open-source software R-studio [54,55]. 

3. Results and analysis 

3.1. Temperature and precipitation change 

Trends in temperature and precipitation for the period of 1960–2020 are shown in Fig. 2 (a) - (b) and Table 1. The mean air 
temperature for the period of 1960–2020 varies from 3.3 ◦C to 6.3 ◦C in Kogaly station, from 0.3 ◦C to 3.9 ◦C in Lepsy, from 4.7 ◦C to 
9.9 ◦C in the Matay, and 5.8 ◦C–9.3 ◦C in Sarkand, and from 5.2 ◦C to 9.6 ◦C in Ushtobe. The Mann-Kendall test results show a sig-
nificant trend (p < 0.02) in temperature increases at all stations from 1960 to 2020. The air temperature has increased by a mean of 
0.28 ◦C per decade between 1960 and 2020. 

In terms of precipitation, at the Kogaly weather station, from 1960 to 2020, there has been an increase in precipitation (p < 0.01) by 
a mean of 9.34 mm per decade, while an insignificant negative trend (p > 0.05) is observed at remaining meteorological stations: 
Lepsy, Matay, Sarkand, Ushtobe. According to the data from weather stations, the mean annual precipitation for the period 1960–2022 
was: Kogaly - 546 mm, Lepsy - 718 mm, Matay - 253 mm, Sarkand - 507, Ushtobe - 278 mm. 

Fig. 2. Long-term mean meteorological annual change and its linear trend from 1960 to 2020 in the Zhetysu Alatau, the South-Eastern part of 
Kazakhstan: (a) temperature, (b) precipitation. 

Table 1 
Results of trend test and change point analyses of temperature and precipitation of the meteorological stations in Kogaly, Lepsy, Matay, Sarkand, 
Ushtobe.  

Meteorological station Height Factor Trend rate Z-value Change pointa P-value 

Kogaly 1385 m Temperature (◦C/10 y) 0.22 4.08 1997 0.01 
Precipitation (mm/10 y) 9.34 2.67 1989 0.01 

Lepsy 1012 m Temperature (◦C/10 y) 0.27 5.06 1988 0.01 
Precipitation (mm/10 y) − 0.31 − 0.31 2003 0.75 

Matay 412 m Temperature (◦C/10 y) 0.38 4.74 1990 0.01 
Precipitation (mm/10 y) 1.67 0.07 2003 0.94 

Sarkand 948 m Temperature (◦C/10 y) 0.17 2.63 1998 0.01 
Precipitation (mm/10 y) − 2.83 − 0.21 2001 0.45 

Ushtobe 397 m Temperature (◦C/10 y) 0.34 4.48 1990 0.01 
Precipitation (mm/10 y) 1.68 1.23 2001 0.21  

a Change point means a year in a time series where the temperature and precipitation trend have been significantly changed. 

S. Issaldayeva et al.                                                                                                                                                                                                   



Heliyon 9 (2023) e17897

6

Fig. 3. The mean monthly runoff trends for period of 1930–2019 in the Zhetysu Alatau, the South-Eastern part of Kazakhstan for rivers: (a) Lepsy, 
(b) Sarykan, (c) Koktal, (d) Byzhy. 

Fig. 4. Long-term annual runoff fluctuations for period of 1930–2019 in the Zhetysu Alatau, the South-Eastern part of Kazakhstan for rivers: (a) 
Lepsy, (b) Sarykan, (c) Koktal, (d) Byzhy. 
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3.2. Temporal runoff dynamics 

The change in the mean monthly runoff over a long period of 1930–2019 for Lepsy, Sarykan, Koktal, Byzhy are shown in Fig. 3, and 
for long-term annual runoff fluctuations are demonstrated in Fig. 3 (a)–(d). The peak of discharge for Lepsy and Sarykan rivers is 
observed in June and July, for Koktal river in June, and for Byzhy river, measured at the Karymsak station is high in May. The red lines 
of Fig. 4 (a) - (d) demonstrate a linear regression of increase of runoff for each month. Over a period of 90 years, changes in monthly 
runoff are clearly visible and the monthly runoff is growing. Seasonal runoff in the study region was tested using a Mann-Kendall test, 
the results of test are presented in Table 2. A significant positive trend is observed for the Sarykan and Byzhy rivers in all seasons (p <

0.02). For Koktal, a significant positive trend season (p < 0.05) is observed in the low watery season, from October to February. 

3.3. Comparative description of change 

3.3.1. Lepsy river 
A comparative analysis of the runoff changes for the Lepsy river with a catchment height of 2330 m is presented in Fig. 5 (a) - (d). 

The Lepsy river of the Zhetysu Alatau is characterized by spring-summer flood runoff. For the period 1932–1965, the distribution of 
river runoff by hydrologic seasons in a high watery period in terms of the amount of water in the Lepsy river has been evaluated as 
follows (%, annual volume): spring runoff, 31.0%; summer runoff, 49.2%; fall runoff, 13.5%; winter runoff, 6.3%. For the period 
1965–2019, an insignificant decrease in spring, fall, and winter runoff for the monitoring period was 0.8%, 0.2%, and 0.4%, 
respectively, and an insignificant increase in summer runoff was 1.3%. For the period 1965–2019, there is an insignificant decrease in 
runoff in May in high watery, low watery, and very low watery periods compared to 1930–1965. On the other hand, there is an increase 
in runoff in July and August in all four watery periods; insignificant changes are observed in the remaining months. There is a slight 

Table 2 
Temporal changes on modified Mann-Kendall test for annual runoff of the different rivers: Lepsy, Koktal, Sarykan, Byzhy.  

Hydrological station March–September October–November December–February 

Zc P-value Tau Zc P-value Tau Zc P-value Tau 

Lepsy 1.71 0.35 0.08 − 1.45 0.28 0.10 0.60 0.44 0.07 
Koktal 4.00 0.23 0.11 4.80 0.00 0.29 4.81 0.00 0.37 
Sarykan 7.65 0.01 0.23 7.78 0.00 0.54 11.20 0.00 0.57 
Byzhy 3.35 0.02 0.22 5.28 0.00 0.37 4.49 0.00 0.49 

Note: Zc – Z statistics after variance correction. 

Fig. 5. The variability of distribution of observed monthly runoff of the Lepsy river, in % of annual: (a) high watery period, (b) medium watery 
period, (c) low watery period, (d) very low watery period. 
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Fig. 6. The variability of distribution of observed monthly runoff of the Sarykan river in % of annual: (a) high watery period, (b) medium watery 
period, (c) low watery period, (d) very low watery period. 

Fig. 7. The variability of distribution of observed monthly runoff of the Koktal river, in % of annual: (a) high watery period, (b) medium watery 
period, (c) low watery period, (d) very low watery period. 
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increase in runoff in the flood period by 1.1% and a decrease in limit period by 0.8%. Thus, it is concluded that insignificant statistical 
changes between 1932-1965 and 1965–2019 in intra-annual river runoff are observed. 

3.3.2. Sarykan river 
A comparative analysis of the runoff change for the Sarykan river with a catchment height of 2490 m is presented in Fig. 6 (a) - (d). 

Calculations for the period of 1965–2019 show that in the Sarykan river, a decrease in May and summer runoff for the monitoring 
period was 5.3%, and the increase in runoff remaining months was 6.4% compare to the period of 1930–1965. For the period 
1965–2020, a decrease in runoff is observed from May to August in all four watery periods compared to 1930–1965, and from 
September to April, an increase in runoff is observed. The peak of discharge for all water content groups for 1930–1965 and 1965–2019 
is recorded in July. The Sarykan river is characterized by a small share of runoff from December to April and a large share from May to 
September. There is a decrease in the share of runoff during the flood period (March–September): in high-watery periods by 5% and 
low-watery and very low-watery periods by 4.8% and 3.8%, respectively. Thus, the Sarykan river has demonstrated statistically 
significant changes in runoff trends. 

3.3.3. Koktal river 
The rivers of the northwestern slope of the Zhetysu Alatau are spring-summer flood runoff. The Koktal River (with catchment 

height of 2910 m) is characterized by low runoff in the autumn-winter month from October to February and high flow in the rest of the 
year. In a comparative analysis of 1946–1965 and 1965–2019, for the period 1965–2019, there is a slight increase in runoff in May, 
June, and August in a high watery period, 1.3%, 1.1%, and 1.3% respectively, Fig. 7 (a) - (d). In medium-watery period, there are not 
significant differences in the distribution of runoff by months. In the low-watery period, an increase in the share of runoff in Febru-
ary–March is noticeable (0.7% and 2.3%), followed by a decrease in runoff in May, June, and July in the low watery period, 0.7%, 
3.6%, and 2.8% respectively. In a very low watery period of 1965–2019, the share of runoff in the autumn-winter-spring months 
slightly increased compared to 1946–1965. The same observations are found for medium and low watery periods. In the summer 
months (June–July) of the very low watery period, a decrease in the runoff by 3.8% and 2.8% is observed. Generally, there are medium 
statistically significant changes in runoff in the Koktal river. 

3.3.4. Byzhy river 
A comparative analysis of the runoff for the Byzhy River with a catchment height of 1490 m is presented in Fig. 8 (a) - (d). From 

1949 to 1965, the distribution of river runoff by hydrologic seasons in a high watery period in terms of the amount of water in the 
Byzhy River has been evaluated as follows (%, annual volume): spring runoff, 41.4%; summer runoff, 25.1%; fall runoff, 16.3%; winter 
runoff, 17.7%. From 1965 to 2019, an insignificant increase in winter and fall runoff for the monitoring period was 2.2% and 2.0%, and 
an insignificant decrease in spring and summer runoff was 1.6% and 3.3%. In comparison with the data for 1949–1965 and 

Fig. 8. The variability of distribution of observed monthly runoff of the Byzhy river, in % of annual: (a) high watery period, (b) medium watery 
period, (c) low watery period, (d) very low watery period. 
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1965–2019, in the high-watery period of 1949–1965, a significant decrease in the share of runoff in April by 4.8% is observed. 
However, in the same low watery period, the share of runoff in the spring months (March–May) and June increased by 4.4, 2.5, and 
3.0% more than in 1949–1965. The maximum runoff for all watery periods for 1930–1965 and 1965–2020 is recorded in March, April, 
and May. 

3.3.5. Annual comparison runoff 
Compared with the high watery periods in 1932–1965 and 1965–2019, there is a slight increase in the share of runoff for Lepsy 

river by 1.1% (87.6% of the annual runoff) and a decrease in the limiting period by 1.1% (12.4% of the annual runoff). In average and 
low watery periods, a similar trend is observed. In very low periods, there is a slight increase of 0.3% in the share of runoff in the 
limiting period, Fig. 9 (a) - (d). The Sarykan river demonstrates fluctuated trends, and for all watery content periods, a decrease in the 
share of runoff during the flood period is observed. However, in the limiting period, on the contrary, an increase in the runoff by 
2.8–5% is noted. In a comparative analysis of the Koktal River for 1965–2019, for all water content periods, except for the high-watery 
period, there is a decrease in the share of runoff during floods and an increase in limited periods. The share of runoff of the Byzhy River 
during the flood for 1949–1965 in high watery periods is 53.6% of the annual runoff, and for 1965–2019 it is 49.6% of the annual 
runoff. There is a decrease in the share of runoff by 4% and an increase in the share of runoff in the limiting period. In average water 
periods, a similar trend is observed for 1965–2019. There is a decrease in the share of runoff in the flood season (46.6% of the annual 
runoff) and an increase in the share of runoff in the limiting period by 2.6% (53.5% of the annual runoff). 

3.3.6. The correlation analysis 
In study area of Zhetysu Alatau region, runoff formation separated into spring, summer, autumn and winter periods. It is necessary 

to pay attention to the role of sources of runoff according to the season of the year. The spring runoff (between April and June) is 
mainly associated with snowmelt and seasonal precipitations in form of rainfall; summer runoff (between July and September) is 
linked to seasonal precipitation, the melting of snow, glaciers and ground-ice; autumn runoff (between October and November) is 
associated with seasonal precipitations in form of rainfall and underground water feeding; winter runoff (between December and 
March) is associated with underground water feeding and winter thaw events, as well as soil freezing conditions. The precipitation is 
recorded as one of the main components influencing runoff in hydrological systems of Zhetysu Alatau region from April to December. 
Fig. 10 (a) - (d) shows the graphs of the relationship between the amount of runoff between April and June for Lepsy river and amount 
of precipitation for period of October and May from 1993 to 2019 for meteorological station in Lepsy. It is shown that the correlation 

Fig. 9. Long-term annual runoff fluctuations in the Zhetysu Alatau, the South-Eastern part of Kazakhstan for rivers, in %: (a) Lepsy, (b) Sarykan, (c) 
Koktal, (d) Byzhy. 
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coefficient is r = 0.81, the regression equation is y = 0.2534x+ 2.2461. 
The correlation coefficient between runoff in Byzhy river for March and June for the period of 1949 and 2019 and amount of 

precipitation for November and May for period of 1949 and 2019 in meteorological station in Kogaly is r = 0.70, the regression 
equation has the form y = 0.0575x − 0.5101. The correlation coefficient between runoff in Koktal river for March–June of period of 
1952 and 2019 and amount of precipitation for November–May for period of 1952–2019 in meteorological station in Kogaly, the 
correlation coefficient is r = 0.62, the regression equation is expressed as y = 0.0849x+ 26.665. The correlation coefficient between 
runoff in Sarykan river for April–June of period of 1933 and 2019 and amount of precipitation for October–May for period of 
1932–2019 in meteorological station in Lepsy, the correlation coefficient is r = 0.60, the regression equation is expressed as y =

0.0437x+ 8.3924. 

4. Discussion 

Runoff formation, especially in the mountainous and arid territories of Zhetysu Alatau region, depends on many factors. It is 
important to note that while precipitation is a key factor, other factors such as evaporation, soil moisture, slope of land also influence 
runoff and overall water availability [56]. In addition, the conditions for river runoff formation in these territories are determined by 
share of glaciers and the influence of temperature on the mountain cryosphere, including the components of the melting of snow, 
glaciers, and ground-ice [57]. As it is reported in previous studies, all these cryosphere components experience serios changes under 
the conditions of the observed temperature trends [58,59]. The glaciers in the studied region have been experiencing significant 
reduction and retreat in recent decades [60]. Since 1956, the areas of glaciation on the outer and inner ridges the mountain regions of 
Zhetysu Alatau have decreased from 294.6 km2 to 113.1 km2 [61], while annual mean surface temperature in region have increased on 
average 0.29 ◦C per decade [2]. Furthermore, the runoff of the winter period is largely associated with ground water recharge [18,19]. 
The widespread steady increase of ground water recharge in the region is often associated with more frequent thaw events, which led 
to an increase in groundwater reserves [62]. However, a rare network of hydrometeorological monitoring in the study area creates the 
problems to clearly evaluate the impact of glacier melting on the river runoff. In addition, there is no monitoring on the impact of 
ground glaciers on river runoff in the region [63]. The absence of monitoring data on the hydrometeorological situation in mountain 
glacier area have some concerns with making accurate statements [64,65]. Addressing the problems associated with a rare network of 
hydrometeorological monitoring requires investments in expanding monitoring infrastructure, enhancing data collection and sharing 
mechanisms, and improving collaboration among relevant agencies and institutions. This helps to improve the accuracy of climate 
predictions, enhance early warning systems, and enable better-informed decision-making in climate and water resource management. 

Fig. 10. The correlation results between runoff and precipitation: (a) Lepsy river – Lepsy station, (b) Byzhy river – Kogaly station, (c) Koktal river – 
Kogaly station, (d) Sarykan river - Lepsy station. 
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5. Conclusion 

This study shows a change in annual and monthly river runoff in the Zhetysu Alatau region, which is highly likely due to the 
additional inflow of water from the melting zone of the Zhetysu Alatau mountains because of an increase in air temperature than in 
precipitation. The Sarykan, Byzhy, and Koktal rivers’ seasonal runoff have shown a significant positive trend, according to the Mann- 
Kendall test (p < 0.02). The Mann-Kendall test result reveals a statistically significant temperature increase at all meteorological 
stations (p < 0.01), while the fluctuations in precipitation trends are not significant (p > 0.05). In connection with the increase in 
temperature, there was a specific redistribution of runoff each year. The winter thaw became more frequent, and part of the water in 
the snow formed an additional runoff in the winter months. It reduces the share of runoff at the beginning of the flood, where the role of 
winter snow reserves is great. The share of runoff during flood decline, when the primary source is snow-glacier resources and 
permafrost waters, which have large reserves, increased. The percentage of the post-flood era has decreased (the period from the end of 
the flood to the appearance of a stable snow cover). The characteristic of watery content periods (high, medium, low, and very low 
watery) and their relationship with current climate change and anthropogenic activity must be studied in more detail for an analysis of 
the changes that have occurred in the runoff regime in the Zhetysu Alatau region. Additionally, research is required on the long-term 
dynamics of the primary river sources (liquid and solid precipitation, snow cover, glaciers, permafrost, and groundwater) and their 
contribution to the development of runoff. 

Fig. 11. The mean monthly river discharge between reference and analog stations: (a) Koktal - Koksu, (b) Sarkand - Lepsy, (c) Tekely – Koktal, (d) 
Baskan – Sarkand, (e) Baskan – Koktal. 
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Appendix 

In hydrology and climatology, analog and reference stations are commonly used for a variety of purposes, including the recon-
struction of missing data and comparing data. According to guidelines of SP 33-101-2003 and SNiP 2.01.14–83, the analog stations are 
those that have similar climatic or hydrological characteristics (e.g., similar catchment area and geographic characteristics, similar 
condition for runoff formation, slope exposure and hypsometry). When choosing an analog stations, the main criterion is the presence 
of synchronism in the fluctuations of the river runoff of the calculated site and analog sites, which are quantitatively expressed through 
the coefficient of pair or multiple correlation between the runoff at these points. Reference stations, on the other hand, are those that 
are used as benchmarks for comparison or calibration purposes, often because they have long-term records, and other desirable 
characteristics. In this study, the correlation coefficient between reference and analog station ranges from 0.7 to 0.84, which means 
that equations reflect a statistically significant relationship between the values of the runoff in reference and analog gauging station. 
Graphically, it is shown in Fig. 11 (a) - (e). The correlation coefficient for Koktal River (analog point is Koksu River, Qv) for May for the 
period of 1960 and 2003 is r = 0.82, the regression equation has the form y = 0.144x+ 6.9204. The correlation coefficient for Sarykan 
river (analog point is Lepsy river, Qv) for May for the period of 1932 and 2001 is r = 0.81, the regression equation has the form y =

0.1423x+ 2, 1612. The correlation coefficient for the Tekeli River (analog point is Koktal River, Qvi) for May for the period of 1970 and 
2001 is r = 0.82, the regression equation has the form y = 0.2725x − 0.5111. The correlation coefficient for the Baskan river (analog 
point is the Sarkand river, Qv) for April for the period of 1944 and 2018 is r = 0.71, the regression equation has the form y =

0.9922x+ 5.9368. The correlation coefficient for the Baskan river (analog point is Koktal river, Qx) for October for the period of 1983 
and 2000 is r = 0.76, the regression equation has the form y = 0.0831x+ 0.1715. As a control of the validity of the reconstruction of 
the series, the root-mean-square errors of the reconstructed series of monthly averages were calculated. The value of the root means 
square error for the reconstructed series is δ = 4.9%, the value of the highest indicator is 9.3% for Tekeli River (Qvii), the lowest value 
(2.8%) is observed for Sarykan River (Qvii). 
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