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Climatic and anthropogenic impacts on the water balance of Issyk-Kul Lake through its main catchments
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Lake Issyk-Kul is an endorheic lake in arid Central Asia that is vital to the region's ecological sustainability and socio-economic development. Climate change and anthropogenic water consumption led to fluctuations in the lake's water level, which affected the water resource. The goal of this study was to examine the impacts of climate change and human activities on the Issyk-Kul water balance by combining the Coupled Model Intercomparison Project Phase 6 (CMIP6) scenarios with hydrological modeling. The Soil and Water Assessment Tool (SWAT) model was used to incorporate signals of future precipitation and temperature changes. According to the scenarios, the total discharge of the three catchments showed an overall increasing trend with a maximum value of 28.02%. The snow and ice-melt water from March to August was revealed, and the increasing trends only occurred from March to May, with the snow and ice melting peak variations ranging from 0.5% to 2%. The high increase in change appeared in northern catchment of the lake. There was an exceptional upward precipitation trend over the northern catchment, with annual increases ranging from 0.7 to 14.5%, and an average annual temperature of 1.72°C. With slight similarities, the total runoff would increase for all catchments, with an average annual value of 10.6%. The northern catchment was significantly more sensitive to precipitation and warming than the southeastern catchments. Under land use land cover change, average annual discharge decreased with agricultural expansion, with discharge differences ranging from −0.005 to −1.06 m3/s. The findings are useful for decision-makers addressing the challenges of climate change mitigation and local water resource management.
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1 Introduction

The impact of global climate change on water supplies is still a major concern in modern science, economics, and ecosystems and manifests to have an indirect and direct impact on natural hydrological (Sarker, 2022) and climatic circulation (Arnell and Gosling, 2013) through changes in rainfall patterns, runoff, and sea level (Honings, 2018). These changes are of great concern as the world's population grows and the current high demand for water is stressed (Vörösmarty et al., 2000), and they affect environmental integrity (Standen et al., 2022). The impact of water diversions (Gao et al., 2022) on lakes for irrigated agriculture and urban use (Wine and Laronne, 2020) has been widely exposed. In addition, rising temperatures, changing precipitation patterns (Singhal et al., 2023), and changes in extreme frequency events increase the likelihood of flooding (Sarker, 2023; Singhal et al., 2023), alter seasonal water supply (Mertz et al., 2009), and water level (Dusini et al., 2009; Yuan et al., 2015) and, as a result, have an impact on nutrient transport (Alifujiang et al., 2020). Climate change drivers such as area, location, and elevation contribute to similarities and differences, and few studies have been conducted to account for them (Lan et al., 2011). Climate and human activities influence the water balance of Lake Issyk-Kul (Romanovsky, 2002) as important ecosystem indicators and water sources in Kyrgyzstan (Matuzeviciute et al., 2018). Other recent studies, such as Alifujiang et al. (2002), Romanovsky (2002) and uulu Salamat et al. (2015), claim that the lake is experiencing water level instability. The water-level fluctuations (Alymkulova et al., 2016; Alifujiang et al., 2017) were identified by unexpected changes in runoff (Alifujiang et al., 2002) and seasonal flooding (Duan et al., 2020). For the local society, simulation of hydrological components (Uwamahoro et al., 2021), accurate forecasting of seasonal variations in the water level of Issyk-Kul Lake under various scenarios, and anthropogenic activities are essential.

Indeed, Global Circulation Model (GCMs) play an important role in predicting future climate change (Yao et al., 2020). However, due to unknown data, the interpolation of Global Circulation Model (GCM) data is required, and they must be thoroughly analyzed and verified. One way to estimate values between known data points is through interpolation (Hamed et al., 2022; Prathom and Champrasert, 2023). It entails estimating climate data values for a particular site. The interpolation methods of climate change scenarios have been widely used in climate predictions (Markovic et al., 2014), and the model simulation provides the more accurate prediction (Lee et al., 2014). Utilizing predictions under various scenarios, the Global Circulation Model (GCM) is a model used to determine the future climate situation (Chokkavarapu and Mandla, 2019). However, only at a low spatial resolution (250–600 km) does the GCM produce predictions (Kaini et al., 2020). The location of the catchment plays a role in conducting unsampled data selection and bias correction methods to determine the accuracy of hydrological modeling. The study uses a model ensemble, which is able to lower a single model's uncertainty. When creating data, interpolation is crucial in the unsampled area or in predictions by applying mathematical techniques, both geostatistical and non-geostatistical (Huerta et al., 2023). Inverse Distance Weight IDW data's performance is a non-geostatistical spatial interpolation and heavily dependent on the season (Chae et al., 2022; Adelodun et al., 2023). IDW is a well-liked interpolation technique because of its low complexity (Zhu et al., 2022). According to the literatures, the effectiveness of different spatial interpolation techniques, such as IDW, in estimating climate data demonstrates that the interpolated error values' low-level error by IDW is not significantly different from that of the other approaches (Meng et al., 2019; Tan et al., 2021; Liu et al., 2022). Therefore, our reasoning for selecting IDW is strengthened by its ability to capture local patterns and user-controlled parameters. Furthermore, Coupled Model Intercomparison Project Phase 6 (CMIP6) builds on previous CMIP simulations to address a wide range of specific questions and fill scientific gaps identified in previous CMIP phases (Eyring et al., 2016). The Model Intercomparison Project (MIP) promotes CMIP6, the so-called Shared Socioeconomic Pathways (SSPs), in order to provide more reasonable and accurate data (Voldoire et al., 2019; Tokarska et al., 2020; Zelinka et al., 2020). SSP119 is a brand-new scenario, while SSP585 is an updated version of Representative Concentration Pathway (RCP) scenarios from CMIP5 (Qing, 2012; Riahi et al., 2017). These climate scenarios may provide the most accurate and practical future projections. The SSP119 aims to keep global warming below 1.5°C in order to meet the Paris Agreement's goals (Su et al., 2002). The scenario 119 focuses on consumption with a low material growth rate and a lower resource and energy intensity (Riahi et al., 2017). Thus, because Kyrgyzstan is a landlocked country (Akiner, 2016; Rovenskaya et al., 2018) with relatively low industrialization and agriculture (Rodrik, 2017; Lee and Mah, 2020), scenario 119 was chosen to examine climate change in this study. And also, as the country is surrounded by developed countries such as China and Kazakhstan (Kembayev, 2020) with fossil-fueled development (Yang, 2010), SSP545 is recommended since it focuses on fossil-fuel production (Riahi et al., 2017).

Previous climate researches have focused on regional trends of climate patterns (Fontaine et al., 2001; Stone et al., 2001; Jha et al., 2006; Cousino et al., 2015). Most of existing climate effect studies and discharge prediction models are limited in extent and focus on specific, small locations (Fontaine et al., 2001; Stone et al., 2001; Jha et al., 2006; Cousino et al., 2015). Limited studies have examined the impacts of climate change associated with differences in elevation, location, latitude, area, slope (Luo et al., 2019b), and human activities (Alifujiang et al., 2002). However, the influence of human activities and climate change on hydrological components has yet to be recognized. Thus, there is a lack of understanding of the local impacts of climate on water resources in smaller watersheds, as well as how these small watersheds respond to changes caused by elevations, locations, latitude, and area differences, as well as anthropogenic activities. Discharge differences are influenced by the agriculture change ratio (Juahir et al., 2010). In fact, there is a link between the population and their activities (Mahmoud and Gan, 2018), which lead to increased water consumption, especially for irrigation. In a variety of catchments, the Soil and Water Assessment Tool (SWAT) has been used to forecast discharge (Abbaspour et al., 2007; Baker and Miller, 2013; Grusson et al., 2015). We used the SWAT model in this study with the general objective of quantifying the effects of climate change and land use change on total water resources based on the capacity revealed by previous researchers using this model. The specific objectives of this research are to: (1) simulate total discharges from these catchments for the period 2020–2100 based on two scenarios of greenhouse gas emissions, SSP119 and SSP585; (2) quantify the effects of climate change on water resources in the three selected catchments around Lake Issyk-Kul; and (3) use the Markov matrix and the regression model to show historical and future changes in LULC due to human activities and climate change for the periods (1992–2003), (2003–2015), and (2015–2100).



2 Materials and methods


2.1 Study area and used data
 
2.1.1 Study area

The Issyk-Kul Lake basin is located between 42°250 N and 77°150 E (Figure 1) at an altitude of 1,606 m above sea level (a.s.l.), on the northern slopes of the Tian-Shan Mountains in Kyrgyzstan, part of arid Central Asia (Ferronskii et al., 2003). Issyk-Kul Lake, Central Asia's largest high-altitude lake, is the continent's fourth-deepest reservoir, an endogenous mountain lake, and one of the world's highest saline lakes (Romanovsky, 2002). It is surrounded by high mountains like the Teskey Ala-Too range to the south, with peaks exceeding 4,808 m, and the Kungey Ala-Too range to the north, with peaks exceeding 4,648 m. Its watershed covers an area of 22,080 km2, and all major branches of the Issyk-Kul originate from 834 glaciers with a volume of 48 km3 and a total glacial area of 650 km2 (Shabunin and Shabunin, 2002; uulu Salamat et al., 2015). The area around Issyk-Kul Lake is one of Kyrgyzstan's most densely populated areas. The population of its oblast increased from 177,300 in 1940 to 448,000 in 2012, with an average annual growth rate of 1.84% (Alifujiang et al., 2017). The climate in the Issyk-Kul basin is moderately warm, making it ideal for cereals, crops, and gardening (Propastin, 2013; Alymkulova et al., 2016). The temperature in the basin reaches 19–20°C in July and does not fall below 2–3°C in January, with precipitation ranging from 12.3 to 35 mm (Alymkulova et al., 2016). Because of the basin's unusually mild climate, intensive agriculture has developed throughout the lake basin (Romanovsky et al., 2013). Anthropogenic activities in the region have influenced hydrological processes in the basin, including agricultural irrigation, land use, and water-soil conservation, and the spatial and temporal distribution of water resources has shifted (Dong et al., 2016; Wu et al., 2017). Therefore, the main focus of this study is the variation in water levels at Issyk-Kul. Thus, we selected three catchments in the vicinity of Issyk-Kul Lake: the two catchments (a) and (c) to the southeast and catchment (b) to the north of the lake. The catchments' areas for (a), (b), and (c) are 332.08, 98.15, and 206.01 km2, respectively.


[image: Figure 1]
FIGURE 1
 The location of the three selected catchments around Issyk-Kul Lake in Kyrgyzstan.





2.2 Metrological, observed discharge, and GCM data

To model the hydrologic process in the watershed, SWAT combined weather and climate, spatial/terrestrial land surface, hydrological data. Kyzyl-Suu, Cholpon-Ata, and Karakol stations provided daily precipitation, maximum and minimum temperatures ranging from 1988 to 2019 and monthly observed discharge data for the catchments (a), (b), and (c), respectively. Humidity, wind speed, and solar radiation were collected from the Meteorological Service of Canada (MSC) and can be downloaded free online at https://www.canada.ca/en/environment-climate-change/services/climate-change/canadian-center-climate-services/display-download.html.

Interpolation of the GCM data to the site (Lima et al., 2021) and then correcting the data with the station data is the better way to increase the climate models' accuracy. In this study, values were estimated at a specific site (catchmenst a, b, and c) through the interpolation of GCM data. Afterwards, adjust the estimates with real observed data from the catchments to improve them. The process ensures that simulated data closely resembles real-world dimensions and helps to increase the accuracy of climate models. The climate models such as CanESM5, IPSL- CM6A-LR, MIROC6, and ACCESS-CM2, all of which are available in CMIP6, were selected via variant r1i1p1f1, and the historical simulation was successfully performed, and the more detail was mentioned (Table 1). The future emission scenarios for the Shared Socioeconomic Pathways (SSP) reflecting the respective medium and high emission scenarios were considered for this study, and then the downscaled data were used in the Soil and Water Assessment Tool (SWAT) model. In addition, the characteristics and fluctuation of LULC for the years 1992, 2003, and 2015 were determined using a recent and consistent land cover map from the European Space Agency (ESA) Climate Change Initiative (CCI) project, which was downloaded from the online open access portal (https://www.esa-landcover-cci.org).


TABLE 1 GCMs used and information.
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2.3 Methods
 
2.3.1 Pre-processing of the data

The GCM outputs were interpolated against the observation grid data. Interpolation which creates values between known data points, the historical relationship analysis, which aims to calibrate the prediction by capturing the relationship between observed data and prediction output was considered.

• Interpolation:

Following the preprocessing of the data, Inverse Distance Weight (IDW) was used to raise the spatial resolution to 1 km and create new data points between the preexisting data. Each existing point was assigned a weight in order to estimate the value of the new point, taking into account the spatial distance to the new one. The point that was closest to the new point, that is the point with the least amount of spatial separation, would be given more weight than the other points. Furthermore, the climate change signals obtained from the GCM models were averaged, and values other than 0.5 standard deviations were removed.

They were corrected using observed data for the period from 2000 to 2015. The corrected parameters were then used to predict the future climate for the period 2020–2100.



2.3.2 Hydrologic modeling using SWAT model

SWAT is a daily operating semi-distributed basin-scale water balance model that requires the following daily meteorological data: maximum and minimum temperatures, precipitation, solar radiation, wind speed, and relative humidity. Furthermore, Digital Elevation Model (DEM) with resolution of 30 m from Shuttle Radar Topography Mission (SRTM); (http://srtm.csi.cgiar.org/), LULC from https://www.esa-landcover-cci.org, and soil maps from the Food and Agriculture Organization (FAO) and the International Institute for Applied Systems Analysis (IIASA) were used in the model. This model simulates a large basin with catchments divided into different zones based on elevation. On the basis of the DEM map, all necessary information of each band was calculated in this study. Every catchment was calibrated and validated using observed discharge time series. Sequential Uncertainty fitting 2 (SUFI-2) is linked by SWAT Calibration and Uncertainty Program (SWAT-CUP) (Sao et al., 2020). SUFI-2 was used to set the sensitive parameters and their ranges, with 95% Prediction Uncertainty (95PPU). The SWAT model was used to simulate the three selected catchments' hydrological processes. The hydrological model's performance in these catchments was evaluated in terms of monthly discharges in m−3s−1. For model calibration and validation, the monthly discharge values were used. To simulate the snow melt, the model used spatial data which includes snow cover. The climate inputs were the critical data for snow melt estimation in the watersheds.

The input data were from January 1, 1988, to December 31, 2019, with the first two years of 1988 and 1989 serving as a warmup period. The remaining years with the corresponding observed discharge were divided into segments, which are calibration periods for the catchments ranging from 1990 to 1995, 1990 to 2000, 2013 to 2014, and validation periods for catchments (a), (b), and (c), respectively, ranging from 1996 to 2001, 2001 to 2011, and 2015 to 2016. The calibration parameters were adjusted and set to the best possible values (Table 2).


TABLE 2 Calibration parameter adjustments.
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The (Eq. 1) goodness-of-fit test (R2) and the (Eq. 2) Nash-Sutcliffe efficiency coefficient (NSE) were used to assess the modeling results' accuracy as follows:

[image: image]
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Where Qsi and Qoi are the simulated and observed discharges, respectively, and [image: image] and [image: image] correspond to their mean values.



2.3.3 Precipitation and temperature

The weather station data, including precipitation and temperature were used in the SWAT model, and then GCMs were downscaled to sites (catchments a, b, and c) via IDW. Interpolated to the site via the IDW. A model ensemble is used in the study, which can reduce the uncertainty of a single model (Willcock et al., 2020; Gholami et al., 2023). The following procedures were conducted:

• Extract grid data: the determination of meteorological stations located in the catchments a, b and c was first conducted, then retrieve the relevant grid data was first retrieved from the Global Circulation Model (GCM).

• Calculate change signals: utilizing the extracted grid data, the change signal for every meteorological station was determined.

• Obtain multiple change signals: since there are several models being used, each model will produce a unique set of change signals.

• Identify bias: for each change signal, determine the outliers by comparing the values to the mean. Outliers are defined as values that exceed three standard deviations above or below the mean.

• Remove bias: from each set of change signals, the identified bias is removed to ensure that the data is more representative of the general trend.

• Calculate average change signal: after outlier removal, calculation of the average of the remaining change signals across all models was carried out to obtain a consolidated change signal.

• Signal values of SSP119 and SSP585: the precipitation and temperature values were computed as monthly ratios; it was simple to reintroduce them into the model for the purpose of predicting future hydrological components.


2.3.3.1 Predictions by SWAT model and sensitivity analysis

The most straightforward (Figure 2) method for obtaining climate-modified hydrologic results to analyze the impact of climate change on water resources is to run future climate data through a hydrologic model (Steele-Dunne et al., 2008). This study looked at the differences between future (2020–2100) and historical (1988–2019) time series to estimate the effect of climate change on runoff. Climate change signals were also added to the SWAT baseline model to predict hydrological processes under future emission scenarios.


[image: Figure 2]
FIGURE 2
 Methodological flow chart of the study assessment.


Water resource sensitivity to climate change reflects the degree to which a particular hydrological component responds to changes in a climate variable or emission scenario (Watson et al., 1996). The hydrological component, such as discharge, has been taken into account and can be expressed in the following way (Eq. 3):

[image: image]

Where HC and CV are the current period's hydrological component values and a climate variable, respectively; CΔ+V denotes the value of a climate variable adjusted based on some emission scenarios; and HΔ+C denotes the value that corresponds to the variation of a climate parameter with the hydrological component. Following a sensitivity analysis, the significance of each climate variable in the evolution of water resources can be understood (Lan et al., 2011).




2.3.4 Land use land cover analysis for the catchments

Changes in LULC were assessed using first and second order Markov chains (Aaviksoo, 1995). For the three selected catchments, a Markov matrix and regression model were used to show historical and future changes in LULC caused by human activities and climate change. The study focuses on the impact of agricultural changes on total catchments' discharge. Markov chains represent a dynamic system of specific classes represented by symmetric matrices with transition probabilities (Luenberger, 1979; Logofet and Lesnaya, 2000; López et al., 2001). The goal of studying LULC changes caused by human activities was to figure out what was causing the abrupt changes in streamflow. A standard digital tablet was used to digitize the interpreted and field-verified aerial photographs for land—cover (1992, 2004, and 2015) corresponding to the all of each catchment and landforms. The landscape was described using a terrain analysis approach that combined landforms and land—cover (Verstappen et al., 1991; López et al., 2001), with geometric correction performed in ArcMap 10.3. The position accuracy and marking have been put to the test following Bocco and Riemann (1997). Moreover, Markov matrices and regression analysis were used to predict the change in LULC over the next 85 years. The shift in LULC were assessed using first and second order Markov chains for the periods (1992–2003) and (2003–2015). The future LULC was estimated and predicted using regression analysis up to the year 2100. The results of the statistical analysis of the matrix tables for all catchments were presented in the form of figures in this study. In addition, the impact of LULC changes on total discharge stream flow was investigated by incorporating LULC (agriculture) changes into the SWAT model.





3 Results


3.1 Hydrological modeling

The model discharge calculations for the catchments (a), (b), and (c) were compared to the observed discharge from the corresponding gauging stations. For all catchments, the model calculation results include R2 values ranging from 0.81 to 0.95 and Nash-Sutcliffe efficiency (NSE) values ranging from 0.75 to 0.96 (Table 3). The model underestimated the peak flow and slightly overestimated the base flow before calibration, and after manual calibration, the parameters were set to different values based on the behavior of the models. Both peak and base flows were successfully simulated by the model. Overall, the calibration and validation went well, as shown in Figure 3, which also shows the goodness of fit.


TABLE 3 Statistics used to evaluate the SWAT models' performances for the three catchments based on observed monthly discharges.
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FIGURE 3
 A comparison of observed and simulated monthly streamflow for catchments (A–C). The calibration periods were 1990 to 1995, 1990 to 2000, 2013 to 2014, and the validation periods were 1996 to 2001, 2001 to 2011, and 2015 to 2016 for the catchments (A–C), respectively.




3.2 Annual simulated discharge contributed by each catchment

In the Figure 4 below, all catchments were analyzed. The catchment (b) has the smallest amount of water available. In all of the simulated periods, the years 1996, 1999, and 2013 had very little water. On catchment (a), a high level of variability in stream flow was observed, as well as a significant contribution of water to the catchment (c).


[image: Figure 4]
FIGURE 4
 The simulated discharge contributed by each catchment (m3s−1).




3.3 The effects of climate change on water resources
 
3.3.1 Variation of driving factors to climate change

Figure 5 depicts the seasonal and annual variation in precipitation under SSP119 and SSP585 in accordance with the IDW. Under the SSP119, annual precipitation increased more for all catchments. Under SSP119 and SSP585, the annual average increases in precipitation for the three catchments (a), (b), and (c) are 7.4% (0.7–14.5%) and 5.7% (−0.3 to 13%), respectively. The following year, all seasons showed different changes, especially in catchment (b) in the Issyk-Kul basin's north. The catchments (a) and (c) in the southeastern part of the lake showed slight similarities in precipitation change; all of the catchments' increase trend occurs in the spring (March to May), and the onset of decrease occurs in summer (June to August). For (a) and (c), a significant decrease occurs in autumn (September to November) and winter (December to February), whereas for the catchment (b), the rate of change tends to be negative in autumn under SSP585. Summer precipitation shows an upward trend in catchment (b) near Kungey Ala-Too Mountain, as well as catchments (a) and (c) near TeskeyAla-Too Mountain. Moreover, the catchment (b) shows less precipitation than the catchments (a) and (c).


[image: Figure 5]
FIGURE 5
 The projected maximum temperature, minimum temperature, and precipitation changes for the period 2020–2100 under SSP119 and SSP585 scenarios compared to the historical period (1988–2019) for the catchments (A–C). Vertically, the bars represent the range of changes calculated using various projected models, while horizontally, the annual average season are represented.


On annual and seasonal temperatures, the interpolated projections for the three catchments revealed a significant warmin g rate (Figure 7). Under SSP119, the average annual maximum temperature would rise by 1.38°C (1.35–1.5°C) and by 1.9°C (1.7–2°C) under SSP585. The minimum temperature rises more with an average annual minimum temperature of 1.5°C (1–1.5°C) under SSP119 and 2.1°C (1.9–2.2°C) under SSP585. In both scenarios, catchment (b) identified the most warming compared to (a) and (c), which experienced similar slight warming. The expected large warming is less than the maximum temperature, which under SSP585 for catchment (b) ranges from 1.9 to 2.1°C. Under the SSP119 for catchment (c), the minimum temperature ranges from 0.7 to 1.4°C. The results show that the highest warming will occur in the summer and minimum temperature in the winter. Because of the warming of the snow that accumulated over the winter and precipitation from the high mountains in the three catchments, discharge will be significant.



3.3.2 Simulated hydrological responses under climate change scenarios
 
3.3.2.1 Simulated discharge under climate change

Figure 6 depicts the results of annual and seasonal discharges through the three catchments studied. The combined effects of changes in precipitation and temperature were clarified under various future emission scenarios. In the three selected catchments, the total annual discharge increased as a result of climate change. Over all selected catchments, the annual average values are 10.6% (1.8–28%) for SSP119 and 8.1% (1.4–26%) for SSP585. The catchments (a) and (c) show slightly similar discharge, with spring being the highest percentile, followed by summer. Autumn and winter show very low water discharge, particularly in winter: 1.4, and 1.8% under SSP585 and SSP119, respectively. Under both scenarios, the declining trend in total discharge begins in the summer and ends in the winter for all selected catchments. The findings show that catchments will display water discharge as a function of precipitation and the temperature leading up to snowmelt.


[image: Figure 6]
FIGURE 6
 From right to left, are catchments (A–C). From top to bottom are the projected discharge change, evapotranspiration change, and snow melt change for the period 2020–2100 under SSP119 and SSP585 scenarios relating to the historical period (1988–2019) and the average snow melt for the three selected catchments (A–C) under historical SSP119 and SSP585 scenarios. Vertical bars represent the range of changes calculated by IDW. The X-axis of snow and ice-melt water is indicated in months, from March to August.




3.3.2.2 The differences in discharge under climate change

The total discharge change caused by climate change varies by catchment. In general, total discharge in catchments (a) and (c) will be significantly higher than in catchment (b). By 2020–2100, the average changes in water discharge for the catchments (a) and (c) are 13.2, 12.3, and 4.9% for the catchment (b).



3.3.2.3 Evapotranspiration change under climate change

The evapotranspiration response to projected climate change at annual and seasonal measures is increasing for all catchments (Figure 6). Under SSP119, the increasing trends range from 5.3 to 38%, while under SSP585, the increasing trends range from 6.2 to 40%, with an average value of 15.5% (11.38–21.95%). Under SSP585, the increase in evapotranspiration is more pronounced, which explains why these catchments have low precipitation (<14.5%) and high evapotranspiration (>13%) during the summer, especially catchment (b). During the summer, these two changes are expected to cause a drier condition in the catchments.

The melting of snow under SSP119 and SSP585 was investigated (Figure 6). For the catchments surrounding Issyk-Kul Lake and the basin itself, ice-snow melting is an essential resource of water. In this study, the highest increase in snowmelt water caused by ice-snow melting was observed in the spring. Snow and ice melt mainly in the spring and summer. Figure 6 depicts the snow and ice-melt water from March to August. The increasing trends were only revealed from March to May, with the snow and ice melting peak variations ranging from 0.5 to 2%. The high increase change occurred in catchment (b).




3.4 Statistical analyses in land use/cover change
 
3.4.1 Land-use land -cover changes in catchments

The LULC over the study area was analyzed for the periods (1992–2003) and (2003–2015) (Figure 7). In the different LULC classes, the analysis revealed a modification of small significant and large changes. Agriculture, bare area, forest, grassland, snow/ice, and sparse vegetation changes in catchment (a) from 1992 to 2003 were 0.96, −0.32, 7.71, −6.52, −1.87, and 0.03 km2, and from 2003 to 2015 were 1.45, 1.31, −9.91, 8.10, −1.89, and 0.12 km2, respectively. During both periods, there was no water in this catchment, and agriculture took over a large portion of the forest and grassland.


[image: Figure 7]
FIGURE 7
 The total change in LULC for the catchments (A–C) from 1992 to 2015. The vertical bars represent area in square kilometers, while horizontal bars represent LULC class names.


From 1992 to 2003, the changes in the catchment (b) in LULC were 1.01, 0, −0.87, −8.27, −0.61, 8.69, and 0.04 km2, and from 2003 to 2015, they were 1.69, −0.05, 0.46, 5.76, 0.46, 0.33, and −0.09 km2 for Agriculture, Bare area, forest, grassland, Snow and ice, sparse vegetation and water, respectively. The bare area did not change from 1992 to 2003, while sparse vegetation indicated significant increase. During this period, sparse vegetation occupied large portion of grassland, whereas water occupied a small part for both periods.

From 1992 to 2003, the LULC changes of catchment (c) for Agriculture, Bare area, forest, grassland, Snow/ice and sparse vegetation were 5.6, −1.64, 2.39, −5.96, −0.59, 0.2 km2, and from 2003 to 2015, they were 1.94, 1.13, −5.40, 3.03, −0.68, −0.11 km2, respectively. Agriculture expanded in this catchment during both periods, occupying a large part of the forest and grassland, and there was no water.




3.4.2 Prediction of LULC for all the catchments

The LULC was predicted by regression analysis up to 2100 in the study, and the results were presented as percentage differences (Table 4). Agriculture will increase in all catchments; while the decrease in snow and ice will only affect the catchment (b). Furthermore, while there is no evidence of water on catchments (a) and (c), the water that was present on catchment (b) will vanish completely in 2100, replaced by agriculture.


TABLE 4 Predicted percentages of LULC classes.
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3.4.3 Land use and land cover change and its impact on stream flow

Due to good topography and the availability of water for irrigation, an increase in agriculture was seen downstream of the watersheds. Other land use classes showed changes as well, but in non-uniform patterns (increase and decrease) over the study period. Agriculture displayed one-of-a-kind behavior, with an increase ratio of 2.8, 9.5, and 19.5% in catchments (a), (b), and (c), respectively. We compared the total discharge due to LULC by introducing ratio changes of agriculture for the period 1992–2015 to indicate a changes in total discharge, using the results of the 1992 simulation as a baseline. Because each sub-basin has different characteristics of a hydrologic process due to different aspects, such as LULC, changes in water flow are visible.

The annual differences in total discharge due to agricultural changes for the period 1992–2015 indicate negative trends in all catchments studied (Figure 8). The future behavior of streamflow as a result of agricultural changes has not been computed.
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FIGURE 8
 The average annual discharge changes under agriculture increases of catchments (a), (b), and (c).






4 Discussion


4.1 Spatiotemporal characteristics under climate change and sensitivity transformation

Climate change has a broad impact on Issyk-Kul water balance across the basin, with the variations visible in the catchments that feed the lake (Alifujiang et al., 2002; Shabunin and Shabunin, 2002). The lake is surrounded by many catchments (Savvaitova and Petr, 1992; Klerx and Imanackunov, 2002). However, based on the most densely populated areas and problematic issues (lack of observed discharge), three catchments were selected (Figure 1). The main source of water for the lake is the catchments around it (Wang et al., 2013; Guo et al., 2014), and the water barriers in the catchments to the lake have an indirect impact on the basin's water level. Overall, the climate effect of the three selected catchments around Issyk-Kul Lake shows significant spatiotemporal heterogeneities. With the exception of catchment (b), which showed significant temperature differences from the other two catchments, particularly in the summer and autumn, these catchments experienced significant climate warming and wetting (Figure 5). The lake, fed by glacier water and snowmelt, is obviously affected by temperature and precipitation. Our findings are consistent with those of Luo et al. (2018) and Uwamahoro et al. (2021), who recorded decreases in summer precipitation. The catchments (a) and (c), which receive water from the glacier melt on mountain peaks such as TeskeyAla-Too Mountain, have shown less warming than the catchment (b) in the basin's north, and this is in line with Uwamahoro et al. (2021), which has shown a temperature increase (Figure 5). The altitude and elevation differences and similarities reported by Lan et al. (2011) help to clarify this. This is also consistent with previous studies (Hu et al., 2014; Luo et al., 2019b), which suggest that temperature change will be more noticeable at higher altitudes and elevations. In high peaks, the average elevation of the two catchments (a) and (c) shows slight differences (Figure 1) and thus slight warming similarities (Figure 5), whereas the catchment (b), which is~200 m lower in elevation than the two catchments, is identified differently (Figures 1, 5). The effect of altitude on warming is less than that of elevation. Moreover, our results show that minimum temperatures are rising faster than maximum temperatures, confirming observations from the world's most terrestrial regions (Donat et al., 2013; Morak et al., 2013; Feng et al., 2018). Increased vapor and aerosol content in the air is expected to allow for greater changes in minimum temperature than in maximum (Ma et al., 2013). This can influence specific outcomes according to regional and local factors.

This analysis reveals that the selected catchments experienced a strong increase in total discharge under the SSP119 scenarios and slight increase in total discharge under the SSP585 scenarios (Figure 6). Because temperature influences not only the form of precipitation but also the volume of snowmelt water in the catchments around the Issyk-Kul basin, the overall runoff is more vulnerable to rising temperatures than rising precipitation. The same situation has been observed in other catchments, such as alpine catchments in Karakoram (Liu et al., 2017a). In fact, for all the catchments (a), (b), and (c), the increases in temperature and precipitation result in an increase in total discharge under SSP119 and SSP585 (Figures 5, 6). Under SSP585, however, when the temperature rises to a very high level, the total discharge decreases (Figures 5, 6). This is in line with some studies that found a significant decrease in total discharge in some watersheds, such as Kaidu catchment in Xinjiang (Fang et al., 2015) and Athabasca catchment in Canada (Shrestha et al., 2017). The findings revealed that the rise in discharges in the study area is not sustainable. If the temperature continues to rise, the total discharge will be reduced in the future, as predicted by Fang et al. (2015). According to our results, critical temperatures exist under SSP585 for the catchments surrounding Issyk-Kul Lake. Therefore, temperature changes always have a negative impact on total discharge in catchments throughout the basin.



4.2 Variations in the impact of climate change caused by the differences in catchment characteristics

Climate change has different impacts on the overall discharge in each of the three catchments. In general, the two catchments located to the southeast of Issyk-Kul Lake would undergo greater changes in overall discharge than the catchment to the north. Under SSP119 scenario, the average variations in total discharge by 2020–2100 are 13.5, 5, and 12% for catchments (a), (b) and (c), respectively (Figure 6). These differences can be qualified depending on the location and area. The result revealed that small low-lying catchments are less vulnerable to climate change. This is demonstrated by the fact that catchment (b) has smaller average discharge changes (5%) than catchment (a) (13.5%), which is located to the Southeast near Teskey Ala-Too with the highest peak. Differences in elevation and surface area result in changes in the southeastern catchments. Our result is consistent with previous studies reported that high alpine catchments would experience the greatest hydrological changes due to the important role of glacier and snow in the water balance (Nijssen et al., 2001; Beniston et al., 2003; Lan et al., 2011).

Sensitivities were observed in the two catchments as a result of precipitation and temperature variations. The findings suggest that the slope aspect of a catchment can influence its response to climate change. In our study, the windward sloping catchments of the highest peak of Teskey Ala-Too and Kungey Ala-Too are more sensitive to climate change than the downwind sloping catchments, probably because of water vapor source, land cover, and other factors (Luo et al., 2019b). SSP119 and SSP585 both showed a downward trend in snow melt from June to August (Figure 6). This was due to the catchments' differing elevations and temperatures. Under SSP119 and SSP585, evapotranspiration is proportional to precipitation and temperature increases (Figures 5, 6). For the three catchments, the reaction of evapotranspiration in discharge changes is greater compared to those in precipitation.



4.3 Land use/cover under human activities and climate change

A historical Markov analysis of the change in LULC over the study region for the periods (1992–2003) and (2003–2015) revealed minor and major changes in LULC in three watersheds (Figure 7). Agriculture showed an increasing trend in catchments over time, with the exception for catchment (b) in the north of the Lake, which showed a decline during the periods (1992 to −2003) and (2003–2015). The big part of agriculture expanded to grasslands. Agriculture was located at a lower elevation in the catchments, and cultivation was one of the major reasons for this expansion, especially in the area near Karakol City. Furthermore, irrigation is deliberately necessary for agriculture in these areas (Alymkulova et al., 2016). Previous studies have found that water use decreased between 1990 and 2014 (Alifujiang et al., 2002). During 1980–1989, 1990–1999, and 2000–2014, agriculture water use decreased from 2029 × 106 m3yr−1 to 981 × 106 m3yr−1 and 461 × 106 m3yr−1, respectively. Human activities, such as agricultural irrigation, land use, and water-soil conservation, have transformed the spatial and temporal distribution of water resources, indirectly affecting the hydrological processes of the basins (Dong et al., 2016; Wu et al., 2017).

In general, the results showed that agriculture area increased in our study due to population food needs. For all periods in Southeast, downward changes were mainly in snow and ice, whereas the catchment (b) showed a very slight increase in snow and ice for all periods (Figure 7). Furthermore, when water leaves mountain outlets, runoff is significantly affected by anthropogenic activities, particularly agriculture that requires irrigation. Our results clearly demonstrated that the little runoff has LULC changes impacts, which is consistent with the findings of other researchers (Li and Wang, 2009). The results of this study revealed that catchment (c) had the greatest change in total discharge, especially in 1993 (−1.06 m3/s) and 2001 (−1.05 m3/s), and catchment (b) had the smallest change (−0.005 m3/s) in 2007. The results revealed that water consumption for irrigation is higher in catchment (c) than in catchments (a) and (b) due to increase in proportion of people engaged in agriculture in Karakol City (Figure 8). In comparison to the northern catchment, the southeast catchments (a) and (c) of the basin appear to have a large decrease in total discharge.

Predictions for the period 2015–2100 revealed an increase and decrease in the percentiles of LULC classes in this study (Table 4). Agriculture experienced the greatest increase, followed by bare land, with the exception of catchment (c) in the southeast of the basin. Forest had the highest decreasing percentiles (−59%), followed by grassland (−25.89%). The study of land cover changes revealed a high increase (61.25%) in agriculture on catchment (c), which is due to human activities of the population near the catchments.



4.4 Climate change and anthropogenic activities on streamflow

In hydrological science, the assessment of climate change and human activities is a critical issue. However, because of the use of different techniques (parameters) and reference periods, different locations have different impacts (Liu et al., 2020). With respect to this declaration, the catchment to the north of the lake had less human influence than the catchments to the south-east. In comparison to the two Southeast catchments, the catchment (c) showed the greatest impact of human activities. From region to region, the nuanced significance of climate and human impacts varies (Liu et al., 2017b). Similarly, when hydrological components were compared, the water discharge in catchment (b) was lower than in catchments (a) and (c). This obviously leads to the conclusion that, compared to human activities, climate change has a greater impact on the selected catchments and greatly affects Lake Issyk-Kul. This agrees with Alifujiang, Abuduwaili (Alifujiang et al., 2017), who concluded that climate change was the main factor disturbing the Issyk-Kul Lake's water levels. Similar to Cheng et al. (2016) argued that climate change was the main contributor to the reduction in runoff, accounting for 64% of the change in runoff. Topography and land use land cover change influence the discharge in catchments (de Magalhães et al., 2022; Zhang et al., 2022). Discharge on catchment c was smaller because of its physical characteristics indicated by its topography and LULC indicated by a considerable amount of impermeable which lowered infiltration and a more regulated runoff. Thus, leading to a smaller relative change in discharge.




5 Conclusions

This study assessed the impact of climate change and human activities on the three selected catchments around Issyk-Kul Lake using the SSP119 and SSP585 emission scenarios. According to the scenarios, the total discharge of the three catchments showed an overall increasing trend (1.48–28.02%). Sensitivities to climate change and human impacts on the Issyk-Kul Lake are highly dependent on the surface area, elevation, and slope behavior of the catchments. The SWAT model performed well, and model discharge calculations for catchments (a), (b), and (c) were compared to observed discharge from the corresponding gauging stations. The model showed similar changes in precipitation over the two catchments (a) and (c) under the SSP119 and SSP585 scenarios, as well as slight changes over the catchment (b). The warming projection change for the three catchments revealed a significant warming rate for annual and seasonal temperatures (1.35–2.1°C). As the temperature increases, the catchments (a) and (c) that receive water from the glacier melt of mountain peaks such as TeskeyAla-Too Mountain have shown less warming compared to the catchment (b) located in the basin's north. This can be clarified by the differences and similarities in altitude and elevation. Evapotranspiration increases by (5.3–40%), positive climate change impacts occur during spring snowmelt, while negative impacts (−1.3 to −4.5%) are expected for summer snowmelt for all catchments. The increase in agriculture reduced the catchment's streamflow (−0.005 to −1.06 m3/s). In general, depending on the location of the catchments, water resource sustainability is unreliable. Land policy and climate change mitigation are both needed, according to the scenarios Studied.
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