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Accurately quantifying runoff sources and understanding hydrological processes in glaciated mountain basins is essential for effective water resource management in the face of climate change. This study aimed to determine the contributions from various runoff sources in glaciated basins within the inner Tien-Shan mountains of Kyrgyzstan by utilizing integrated land surface, glacier energy-mass balance, and river routing models. To account for local topographic influences on solar radiation and cloud transmissivity processes, gridded meteorological forcing data were downscaled. The integrated models were then evaluated against observed discharge, glacier mass balance, and snow water equivalent, with a focus on the Kara-Batkak glacier reference site. Shortwave radiation correction was particularly important for improving the accuracy of model simulations. The results indicate that the peak glacier melt contribution occurs in July and August, with some basins reaching up to 54%. On an annual basis, the average contribution from glaciers across the basins was found to be 19%, while the ratios of snowmelt and rainfall were 58% and 23%, respectively. This study highlights the utility of integrated modelling approaches in understanding and quantifying runoff components in data-scarce high mountain regions. The incorporation of observed glacier data proved to be crucial for accurately representing hydrological processes under current climatic conditions. These findings underscore the significance of considering glacier dynamics and their influence on water resources to inform effective water management strategies in glaciated mountain basins.
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1 INTRODUCTION
Climate change is exerting profound impacts on mountainous regions, marked by rising temperatures, shrinking glaciers, altered precipitation patterns, and increased risks of natural hazards (Pepin et al., 2015; Hock and Huss, 2021). The consequences of these changes necessitate immediate attention to mitigate their effects on water resources, economic prosperity, and social stability. The melting of glaciers, degradation of permafrost, and alterations in river flows stand as pivotal factors that will significantly affect lives of global communities (Rasul and Molden, 2019). This transformation is particularly pronounced in the arid climate of Central Asia, where glaciers and snowmelt contribute significantly to the overall water balance of transboundary rivers (Immerzeel et al., 2010; Chen et al., 2016). The shifting seasonality in flow patterns and the variability of peak water availability have the potential to inflame domestic tensions, both economically and politically, and disrupt social stability in the region (Bernauer and Siegfried, 2012). It is imperative, to understand the processes of water flow formation to correctly estimate runoff sources for adaptation strategies of the countries in the downstream, which may face significant reductions by the end of the century (Sorg et al., 2012; Huss and Hock, 2018; Van Tricht and Huybrechts, 2023). This understanding not only serves as a means to anticipate the potential consequences on water resources, and conflicts over them on future agriculture in the region and thus economy, and society but also facilitates informed strategies to address and mitigate the challenges posed by climate-induced transformations in these critical regions.
Remoteness of glaciated mountainous regions and limited observations exacerbate the challenges for precise estimations. The intricate nature of these environments, coupled with their inaccessibility, presents a substantial barrier to acquiring accurate and timely data on the evolving climate dynamics. The difficult terrain complicates efforts to establish monitoring stations and gather critical field data for accurate predictions. The ability to accurately predict the amount of meltwater generated from snowpacks is crucial for a variety of applications, including water resource management and climate change risk assessment (Leavesley, 1994). In the context of determining the sources of runoff in glacial basins, hydrological models have been widely applied as accessible and extensively utilized tools in mountainous regions (Farinotti et al., 2012; Immerzeel et al., 2013; Ragettli et al., 2015; Luo et al., 2018). The ease of use associated with availability of global reanalysis data and acceptable output results that helps to understand past and future river flow dynamics. Accuracy of the prediction varies, highlighting the importance of input data and extensive data quality control, and requirement of the comprehensive snow/glacier melting model for the water flow formation (Chen et al., 2016). More complex physically based hydrological models are known for their ability to accurately describe natural processes, although they require extensive data sets to produce accurate results (Finger et al., 2011).
In the glaciated basins, incorporation of radiation data is crucial to enhance the performance of hydrological models, especially in the estimation of glacier melt (Pellicciotti et al., 2011). Solar radiation directly affects the speed of the snow and glacier melting and thus is essential for accurate predictions. Furthermore, the influence of glacier dynamics on streamflow response in river basins has been highlighted as a complex issue due to the limitations of most existing physically based distributed hydrological models in representing glacier dynamics (Naz et al., 2014). In application of glaciological models in conjunction with radiation data, the matter of downscaling the radiation data becomes relevant. This is particularly significant in the context of glacier melt estimation and its influence on overall runoff (Eidhammer et al., 2021). The integration of radiation data and glaciological models in physically based hydrological modelling presents challenges, including the need for downscaled high resolution radiation data of the glacier and its potential influence on glacier melt estimation and overall runoff. Addressing these challenges is vital for enhancing the accuracy and reliability of hydrological models in glacier-dominated hydrology.
Previous studies in the Tien-Shan Mountains have shown the importance of glacial runoff for all basins. In the Northern Tien-Shan, its contribution to the river flow ranged from 18-28% and peaked at 40–70% during summertime, as calculated by temperature-index model (Aizen et al., 1996). By end-member mixing analysis, the ratio of glacier meltwater contribution to the total runoff in Central Tien-Shan and Northern Tien-Shan have been estimated as 42% and 36%, respectively (Chen et al., 2019). In the Tarim basin, the contribution of icemelt, snowmelt and rainfall were evaluated as 44, 28 and 29% for the Kumalike river and 23, 26 and 51% for the Toxkan River, respectively, using enhanced Variable Infiltration Capacity (VIC) model (Zhao et al., 2013). Although it is still challenging to assess runoff contribution with high temporal and spatial scales, distributed models may contribute to understanding the future change of snow and glacier melt dynamics (Unger-Shayesteh et al., 2013).
A meta-analysis based review of glacio-hydrological studies estimated that about 94% used the temperature-index method for modelling purposes, and only 6% used the energy-balance approach (He et al., 2021). One of the reasons for the widespread use of temperature-index and degree-day models is their requirement for relatively minimal input data, which makes them practical and accessible for various applications (Martinec and Rango, 1986; Hock, 2003). Indeed, in high mountainous areas, establishing an observation network with a wide spectrum of measurements is labour-intensive, and in most cases, air temperature is the only available data metric. On the other hand, the implementation of physically-based models relying on energy balance, while offering substantial advantages, demands a more intricate process of data processing and quality control. The dissolution of the Soviet Union resulted in a deterioration of the meteorological observation network in Kyrgyzstan, particularly in high-altitude regions (Hoelzle et al., 2017), thereby constraining the availability of data sources.
An advantage of physical-based models is that they are based on fundamental physical principles, such as conservation of mass and energy, allowing for a more robust and accurate representation of the modelled system. This approach can lead to a better understanding of the underlying physical processes and improve projections for future scenarios. Despite the scarcity of observations, it remains feasible to reanalyze meteorological data in the glaciated basins modelling, and solar radiation is one of the main components that should be studied.
In this study, we utilize a cutting-edge land surface model with an integrated glaciological model to determine the runoff components of glaciated basins in the inner Tien-Shan. To accurately represent the high mountain conditions, we employ gridded reanalysis meteorological forcing data, which are validated using observational data in each step of the input dataset, including data from the glacier itself. The data preprocessing stage focuses on performing topographic downscaling of incoming solar radiation, taking into account slope, aspect, shading by surrounding topography, and cloudiness at a specific time. This comprehensive analysis allows us to assess the impact of these factors on ice and snow melt processes. Furthermore, we compare the results of discharge, the mass balance of reference glaciers, and Snow Water Equivalent (SWE) with observed data. By employing this approach, we aim to gain a better understanding of the hydrological dynamics in glaciated basins and the role of various factors in influencing runoff. The comparison of model results with observed data provides crucial insights into the accuracy and reliability of the modelling framework and helps to validate the performance of the integrated model in simulating the hydrological processes at each stage in the study area.
2 STUDY AREA AND DATA
Glaciers in Kyrgyzstan are primarily concentrated in the inner Tien-Shan and within the Ak-Shiyrak range, where the rivers of the Syrdarya basin, headwaters of the Tarim basin and the rivers of the closed endorheic Lake Issyk-Kul have their origins (Figure 1A). According to Dyurgerov (2010) the area of glaciation in the Tien-Shan mountain system decreased by almost 17% between 1960 and 2006. The study basins (Figure 1B) of the Chon-Kyzyl-Suu, Kichi-Kyzyl-Suu and Djuuku rivers are located on the northern slope of Terskey Ala-Too and flow into Lake Issyk-Kul. Characteristics of this basins are listed in Table 1. The region of Lake Issyk-Kul is highly susceptible to the impacts of climate variability, making it important to identify and understand variations in rainfall patterns. Accurate characterisation of rainfall variations is essential for effective water resource planning and management within the Lake Issyk-Kul basin (Alifujiang et al., 2020).
TABLE 1 | Summary of study catchments.
[image: Table 1][image: Figure 1]FIGURE 1 | Study area map. (A) Country and large basin map, (B) regional map of studied glaciers and catchments, (C) automatic weather station (AWS) on Kara-Batkak Glacier, and (D) AWS on Bordu Glacier with an instrument for snow water equivalent (SnowFox).
The study area includes the Chon-Kyzyl-Suu river basin, where instrumental meteorological and glaciological monitoring has been conducted since the 1950s. However, some data has a particular gap in the 1990s, and observations have been resumed after 2007 (Satylkanov, 2021) by the Tien-Shan High Mountain Scientific Center of the Academy of Sciences of Kyrgyzstan monitors Kara-Batkak glacier located in the Chon-Kyzyl-Suu river basin.
Since July 2017, observations on Kara-Batkak Glacier began with an automatic weather station (AWS). The main components are downward and upward shortwave and longwave solar radiations, measured by Hukseflux NR01 sensor. Temperature, atmospheric pressure, wind speed and humidity are measured by Vaisala WXT536. In August 2018, a similar system has been installed on Bordu Glacier. The data are used to improve the quality of the forcing data for simulations.
The Chon-Kyzyl-Suu river basin has a continental climate with cold winters and warm summers. Monthly temperatures range from an average low of −10.7°C in January to an average high of 10.5°C in July (Figure 2). Monthly precipitation is highest in the summer, with an average of 100.7 mm in July, and lowest in winter, with an average of 16.9 mm in January. Monthly discharges are lowest in winter, with an average of 2.18 m³/s in January and highest in summer with an average of 16.55 m³/s in July.
[image: Figure 2]FIGURE 2 | Monthly climatology and hydrograph in Chon-Kyzyl-Suu Basin (2002–2020).
High mountain regions, where most glaciers are located, are often understudied due to their severe environmental conditions and remoteness. These areas are characterised by extreme weather, difficult terrain, and logistical challenges, making it difficult to collect data. As a result, the existing data coverage in these regions is often sparse, leading to uncertainties in model inputs and potential limitations in accurately simulating the complex processes involved in glaciated basins. Gridded reanalysis meteorological forcing data (Table 2) were used for the high mountain conditions of the inner Tien-Shan, which were subsequently validated with the observational data.
TABLE 2 | Meteorological forcing data used in this study.
[image: Table 2]3 METHODOLOGY
The methodology involved multiple steps, including data preprocessing, model integration, and validation with observed data, to ensure the accuracy and reliability of the results (Figure 3). Before conducting the analysis, a data preprocessing stage was performed to downscale the incoming solar radiation to account for topographic effects such as slope, aspect, shading by surrounding topography, and cloudiness in the area during a specific time period. Downscaling involves transforming global or regional scale information into local scale data that better represent the unique conditions at specific sites. It has been shown to improve estimates of both surface energy fluxes and air temperature over mountainous regions (Hoelzle et al., 2001). This allowed for a comprehensive analysis of the impact of these factors on the ice and snow melt processes. Water balance components were analysed by comparing the results of discharge, the mass balance of reference glaciers and SWE with observed data. This comparison allowed for an assessment of the accuracy of the land surface model and its ability to capture the hydrological processes in glaciated basins.
[image: Figure 3]FIGURE 3 | Flowchart of the study.
3.1 Downscaling
The air temperature is one of the main forcing data in addition to solar radiation. In this study, the reanalysis data for 2-m height temperatures over the ground surface were downscaled according to the elevation grid. The main component of the downscaling is the temperature lapse rate. This value varies greatly depending on many factors, especially in mountainous areas with complex topography (Marshall et al., 2007; Minder et al., 2010; Shen et al., 2016; Jobst et al., 2017). A commonly used value of 6.0°C per kilometre, which represents the average decrease in temperature with increasing elevation in mountainous areas, was used in this study. This value is close to previously observed temperature lapse rate of 5.8°C per kilometre in the Tien-Shan mountains (Aizen and Aizen, 1997).
Solar radiation is a key driver of energy exchange at the Earth’s surface, and accurate representation of its spatial and temporal distribution is essential for simulating and understanding hydrological processes at local and regional scales. Particularly, the correction of input data for energy balance modelling is essential (Garen and Marks, 2005), and radiation data should be downscaled. Downscaling techniques typically rely on reanalysis datasets which provide global coverage but are limited in spatial resolution. These methods involve incorporating local topographic features into the dataset by utilising high resolution (30–100 m) digital elevation models (DEMs) to simulate shadowing effects and other local influences on solar radiation patterns. This provides more accurate predictions of incoming shortwave irradiance at a given site, enabling improved simulations of snowmelt processes (Lehning et al., 2006).
We used a 30 m DEM produced with ALOS satellite data (AW3D, Tadono et al., 2014) to create a detailed topography representation of the study area. The downscaling method was based on the difference between the two conditions for incoming solar radiation. The coefficients ([image: image] were derived for each grid at each hour during the year as follows:
[image: image]
Shortwave downward radiation has been divided into direct [image: image] and diffuse [image: image] obtained from a method based on the solar zenith angle ([image: image], the clearness index, and the extraterrestrial radiation (Corripio, 2014). [image: image] is an incidence angle, [image: image] is a shadowing effect (0 or 1), [image: image] is a sky-view factor and [image: image] is a terrain-reflected irradiance. The numerator part of the equation incorporates solar radiation considering topography and the denominator part represents a flat surface. The coefficient [image: image] has been determined for every hour of an active Sun during the day throughout the year with inactive hours set to 0. Thus, one grid contained 8,760 correction values representing 365 days, and in leap years, the last 24 h were duplicated from the last day of the year. In the preprocessing, [image: image] values of 30 m grids were upscaled to 1 km using weighted averages to match the model’s resolution. We used this method to minimise the losses observed with low-resolution DEMs since the difference in total radiation can be significant (Olson and Rupper, 2019).
Cloudiness is one of the most critical factors affecting solar radiation. Cloud transmissivity is challenging to assess under data scarcity, especially in high-altitude areas, where topography also affects cloud formation. Studies conducted on Kara-Batkak Glacier have shown that cloud intensity can be parameterised using precipitation data (Rybak et al., 2021). When cloud transmittance coefficients are defined more broadly to correspond to clear-sky situations, we see a significant improvement in ice melt modelling performance (Pellicciotti et al., 2011).
In this study, we used a simple approach to correct clear-sky solar radiation using an expression by Greuell et al. (1997) to define cloud transmissivity ([image: image], previously implemented in the modelling of Abramov glacier (Kronenberg et al., 2022):
[image: image]
The total cloud cover (n) data was taken from the ERA5 reanalysis. The coefficients ([image: image] were derived by best-fit regression analysis using solar radiation data from three AWSs (Figures 1C, D) located in high-altitude areas of the study region. Two are located on Bordu and Kara-Batkak glaciers, and one near Batysh-Sook Glacier. The solar radiation coefficients used in the model were separated into two periods to account for seasonal variations in solar intensity: A cold period from October to March, where the coefficients c1 and c2 were set at 0.248 and 0.216 respectively and a warm period from April to September, where the coefficients c1 and c2 were set at −0.06 and 0.289 respectively. Summarising the above methods of topographic downscaling and accounting for the influence of clouds, the following expression was derived:
[image: image]
Where [image: image] is corrected shortwave downward radiation, [image: image] is a clear-sky shortwave downward radiation from ERA5 database, [image: image] is derived radiation correction factor and [image: image] is calculated as cloud transmissivity.
3.2 Models
Land surface and energy balance models are often used as boundary layers in Global Climate Models (GCM) (Verseghy, 1991; Cox et al., 1999), especially when determining the future state of the system. The resolution has a significant impact, particularly in mountainous areas with complex topography. A general description of the modelling methodology involves the introduction of an additional class of glacial component into the mosaic scheme of the land surface gridded model. The land surface model SiBUC was applied to the area to determine the energy and water balance of the area. The glacial energy and mass balance algorithm was carried out separately by the GLIMB model. Combined runoff sources and evaporation from two models were used as inputs for the river routing model (RRI).
3.2.1 Land surface model: SiBUC
Simple Biosphere including the Urban Canopy model (SiBUC) is a land surface model using water-energy balance in the grid system (Tanaka, 2004). Based on the Simple Biosphere model (SiB) (Sellers et al., 1986) and SiB2 (Sellers et al., 1996) models, it utilises processes for several mosaic schemes: green area, water body and urban area. Accounting for additional processes in the mountain environment such as glacier melt in regional simulations can improve the overall understanding of the system (Zhao et al., 2013).
Two surface temperatures for canopy and ground ([image: image], [image: image]) are estimated in the green area submodel to determine the surface fluxes. The force-restore model (Deardorff, 1977) describes heat transfer in soil. The analytical solution of the heat conduction equation under periodic forcing is utilised to parameterise the periodic ground heat flux. This allows for a basic and roughly accurate representation of temperature dynamics. However, the prognostic equation for [image: image] does not include a restoring factor since the heat conduction term during the vegetation stage is negligible. As a result, the governing equations for the three temperatures are represented as follows:
[image: image]
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[image: image]
Where [image: image] are heat capacities respectively for canopy, ground and deep soil. [image: image]—deep soil temperature, [image: image] [image: image]—absorbed net radiation, [image: image], [image: image]—sensible heat fluxes, [image: image], [image: image]—latent heat fluxes, [image: image]—angular frequency of diurnal cycle (2π/86400). The governing equation for snow temperature is expressed as:
[image: image]
Where [image: image] is a heat capacity of the snow, [image: image] is a snow surface temperature, [image: image]—snow thermal conductivity and [image: image]—snow depth. Further explanation of snow routine can be found at Sellers et al. (1996). The linear development of snow cover fraction (SCF) regarding snow water equivalent has been changed to consider rapid establishment of snow cover for a small scale simulations according to Niu and Yang (2007). The snow albedo estimation has been adapted from Kondo and Xu (1997), taking into account the ageing of snow over a certain period of time:
[image: image]
When a snowfall of more than 5 mm w.e. occurs, the number of days (d) is set to 0, [image: image] is the albedo of firn. Albedo of fresh snow [image: image] and parameter k depends on the air temperature on that day.
3.2.2 Glacier energy-mass balance model: GLIMB
To incorporate glaciological processes into the overall scheme, we used the GLIMB model previously applied to glaciers in the Tibetan region and in the Himalayas (Fujita and Ageta, 2000; Fujita and Sakai, 2014). Glacier surface temperature ([image: image]) is one of the major factors determining the heat ([image: image]) and mass balance of a glacier and is used in the following equation:
[image: image]
Ice surface albedo ([image: image]) is a constant mean value of 0.25 derived from AWS on Kara-Batkak and Bordu glaciers. This value coincides substantially with the instrumental albedo value on glacier No.354 located in the Ak-Shyirak range (Petrakov et al., 2019). [image: image]—are downward shortwave, longwave radiations, sensible and latent heat fluxes, respectively. [image: image] is a conductive heat flux into the glacier ice determined by changing the ice temperature profile. The turbulent sensible heat flux ([image: image]) and latent heat flux ([image: image]) were determined using the bulk aerodynamic method. The gradients of mean horizontal wind speed ([image: image]), mean air temperature ([image: image]), and mean specific humidity ([image: image]) were assumed to be equal to the finite difference between the measurement level and the surface:
[image: image]
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Where [image: image] represents air density, [image: image] is the specific heat capacity of air, [image: image] is the surface temperature, [image: image] is the specific humidity at the surface, [image: image] is the wind speed, [image: image] denotes the latent heat of evaporation (2.514 × 106 J kg−1) or sublimation (2.849 × 106 J kg−1), depending on the surface temperature. The bulk exchange coefficients for sensible and latent heat, represented by [image: image] and [image: image] respectively, were assumed to be constant (0.002). This choice was made due to the lack of information regarding surface roughness and wind profiles over snow and ice. Glacier runoff ([image: image]) is calculated as:
[image: image]
Where [image: image] is a refrozen ice in a snow layer, [image: image] is a length of a day in seconds, [image: image] is a latent heat fusion of ice, [image: image] is a rainfall in millimetres, [image: image] is a latent heat of evaporation of water. The distinction of snow ([image: image] and rain is assumed as follows:
[image: image]
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The further explanation of the model can be found in Fujita and Ageta (2000) and Fujita and Sakai (2014). Data from GAMDAM Glacier Inventory (Nuimura et al., 2015; Sakai, 2019), which was incorporated into the global glacier inventory (Randolph Glacier Inventory (RGI) version 6.0, RGI Consortium, 2017), was used to determine the percentage of glaciated mask in the gridded model. Thus, the processes occurring on the glacier surface are determined by GLIMB and on the ground surface by SiBUC.
3.2.3 River runoff model: RRI
The Rainfall Runoff Inundation (RRI) model is a mathematical framework developed by Sayama et al. (2012) to simulate the complex relationships between rainfall, runoff and inundation. The model incorporates a variety of physical processes, such as surface runoff, subsurface flow and overland flow, to accurately simulate the hydrological behaviour of a given terrain. Its primary purpose is to help decision-makers assess the impacts of different hydrological scenarios, such as rainfall intensity and duration, on the potential for flooding. The RRI model is based on a set of equations which are designed to capture the spatial and temporal variability of rainfall, runoff, and inundation within a given area. In addition, the equations consider interactions between different components, such as the amount of infiltration and evaporation and the effects of slope and surface roughness.
In our study, we utilised a land surface and glaciological model in combination with RRI to improve the estimation of hydrological processes within the catchment. The RRI component was used to simulate river flow and consider lateral subsurface flow based on soil parameters. This was particularly important for accounting for the permeability of the permafrost layer in high mountainous areas. Due to the lack of subsurface data and the limited availability and challenges associated with obtaining geological research, we presumably determined the occurrence of permafrost by elevation according to earlier studies in the Tien-Shan Mountains (Zhao et al., 2010). The land surface model component accounted for processes such as soil and vegetation interception, soil moisture dynamics, and the energy budget, which are crucial for accurately estimating variables such as low-flow conditions, flood onset, peak discharges, and inundation depths. This integrated modelling approach, as highlighted by previous studies (Rasmy et al., 2019), provides a comprehensive framework for capturing the complex dynamics of water flow in mountainous regions.
4 RESULTS
4.1 Correction of data, shortwave radiation
A comparison of the results obtained with the observed data on Kara-Batkak glacier (Figure 4B) shows that the influence of clouds is significant, especially in the summertime. The maximum values of daytime radiation during the warm period can be reduced on cloudy days, and the total values depend on the topography’s characteristics. We also compared the values of the ERA5 default data (Figure 4A), where the clouds’ influence is already considered to some extent (Hersbach et al., 2020). On Kara-Batkak glacier, the default values showed an MAE and Pearson correlation coefficient of 79.63 (W m-2) and 0.88, respectively, while the corrected data showed 38.15 (W m-2) and 0.85. It is worth noting that one AWS is located on the ablation tongue of Kara-Batkak glacier and is surrounded by steep slopes. In contrast, the station on the Bordu glacier is located on a flatter, more open slope. This can be observed in (Figure 4C), where the lower values in the cold period have a slight deviation compared to Kara-Batkak site.
[image: Figure 4]FIGURE 4 | Correction of shortwave radiation. (A) Data from AWS on Kara-Batkak glacier with default ERA5 (B) Kara-Batkak with clear-sky (C) Bordu with clear-sky.
4.2 Evaluation against discharge data
The evaluation of hydrograph simulation is typically conducted using several evaluation metrics, most commonly the Nash-Sutcliffe efficiency (NSE), Kling-Gupta efficiency (KGE), and percent bias (PBIAS). The NSE is a widely used metric for hydrologic simulations that quantify the overall performance of a model by comparing the simulated and observed values (Nash and Sutcliffe, 1970). The KGE is a more recently developed metric (Gupta et al., 2009) that is based on the correlation coefficient and the standard deviation ratio of observed and simulated data. Finally, the PBIAS (%) metric measures the overall bias of the simulations, with values near zero indicating a good fit (Moriasi et al., 2015). Each of these metrics provides an important aspect of the simulation, with the NSE providing an overall evaluation of the model performance and the KGE and PBIAS providing a more detailed view of the model accuracy.
The Chon-Kyzyl-Suu river basin (Figure 5A), due to its large area of glaciation, reaches its highest point in July-August. This fact was validated through the simulation results, which resulted in NSE, KGE, and PBIAS values of 0.785, 0.75, and 9.67%, respectively. Unfortunately, data for part of 2008 was lost due to a malfunction of the runoff gauge.
[image: Figure 5]FIGURE 5 | Discharge between 2002 and 2009 of (A) Chon-Kyzyl-Suu, (B) Kichi-Kyzyl-Suu, and (C) Djuuku basins.
The Kichi-Kyzyl-Suu small basin (Figure 5B) is relatively less studied and meteorological data is not available, making it difficult to assess its climatic features. Nevertheless, the hydrograph simulation returned NSE, KGE, and PBIAS values of 0.643, 0.72, and −9.49%, respectively.
The Djuuku River basin (Figure 5C) has the largest area amongst the studied basins, but due to its position in the west, Lake Issyk-Kul has less influence on the precipitation. Meteorological data is not available, and the simulation results of the hydrograph yielded a NSE value of 0.806, KGE of 0.84, and PBIAS of 4.57%. This is relatively similar to the Chon-Kyzyl-Suu basin, and suggests that the model captures the influence of glaciers on the overall water balance and streamflow dynamics.
The three study basins have different ratios of glaciation and distinct precipitation patterns. The Issyk-Kul Lake basin exhibits a precipitation gradient due to moisture transfer from the lake, primarily from west to east. This variation in precipitation affects the seasonal patterns of runoff in each basin. The Kichi-Kyzyl-Suu basin experiences maximum runoff in May-June, while the Chon-Kyzyl-Suu and Juuku basins show peak values in July-August, primarily due to glacial runoff.
4.3 Glacier mass balance
The results of the mass balance were taken from the regional gridded simulation of the models. The simulation’s start and end of the glaciological season correspond to the dates from the WGMS report on the observed data. Thus, we analysed the reference glaciers Kara-Batkak, Sary-Tor, Bordu, No. 354, and Batysh-Sook, though only Kara-Batkak Glacier is located in the studied catchments (Figure 1B). This allows us to evaluate the performance of our models in capturing the mass balance dynamics across a range of glacier systems in the region. This validation process provides valuable insights into the overall robustness and credibility of our modelling approach.
Figure 6 shows that the values vary depending on the climatic characteristics of the location of the glaciers. The results of mass balance simulations on Kara-Batkak glacier showed great agreement with the observed data, including the evaluation of discharge data from the Kashkator river (Figure 7). The values on the Sary-Tor and Bordu glaciers have a slight deviation, but on average they coincide. The significant deviation observed for Glacier No. 354, compared to neighbouring glaciers like Bordu, can be attributed to differences in the methods used for calculating the mass balance. In particular, the discrepancy may arise from variations between geodetic mass balance calculations and instrumental stake observations (Kronenberg et al., 2016). It was difficult to demonstrate the results on Batysh-Sook glacier due to the small size of the glacier and the relatively low resolution of the model. It can be observed that the model grid resolution cannot completely cover the altitudinal zones on the glacier’s tongue (Supplementary Figure S3).
[image: Figure 6]FIGURE 6 | Observed and simulated mass balance profiles of observed glaciers (Figure 1B). Different colours are set for glaciological years.
[image: Figure 7]FIGURE 7 | Modelled summer discharge of Kashkator River at headwaters (Figure 8) compared with runoff gauge.
Kara-Batkak glacier tongue is surrounded by mountain slopes (Figure 8) and experiences prolonged shading throughout the day. To monitor the melting of its lower part, twenty one stakes have been deployed by Tien-Shan High Mountain Scientific Center of the Academy of Sciences of Kyrgyzstan within the glacier’s ablation zone. A comparative analysis of the observed ablation (Figure 9) with modelling results from 2008 to 2015 revealed a notable difference in the melting rate caused by input data. Corrected meteorological forcing from ERA5 data, which incorporates topographic and cloud-based adjustments for shortwave downward radiation, produced more accurate results relative to observations, with RMSE of 0.23 m water equivalent (m w.e.) and MAE of 0.17 m w.e. Conversely, utilisation of uncorrected ERA5 data produced results with RMSE of 0.73 m w.e. and MAE of 0.69 m w.e. On average, without topographic correction, glacier mass-balance simulations overestimated melting rates by 30% within Kara-Batkak glacier tongue.
[image: Figure 8]FIGURE 8 | Kara-Batkak glacier and Kashkator river area. Location of ablation stakes on the lower part of the glacier (red dots), snow pits (blue dots) and AWS (green rectangle).
[image: Figure 9]FIGURE 9 | Comparison of observed and simulated mass balances with and without shortwave downward radiation correction on the lower part of Kara-Batkak glacier. Observed values are aggregated stake measurements on ablation zone (Figure 8).
4.4 Snow water equivalent on the glacier
The results obtained from the mass balance of the GLIMB model were compared on the Bordu glacier with the observed data (Figure 10). The snow water equivalent (SWE) was measured with SnowFox (cosmic ray neutron sensor produced by Hydroinnova) (Figure 1D), and the melting of the glacier surface with Sonic Ranger (Campbell SR50A), considering that the ice density is 900 kg m−³. Thus, in the 2019 modelling, the maximum seasonal snow accumulation was on June 25th with a value of 175 mm w.e., while the data measured with cosmic rays showed a maximum on June 14th with a value of 177 mm w.e. It should be noted that the model did not take into account snow transport by wind, which SnowFox recorded. Due to technical problems, Sonic Ranger could not record ice melting in August 2019, and we used the WGMS reported data from observations. Thus, at 4,100–4,200 m a.s.l. (the AWS is located at 4,137 m a.s.l.) of the Bordu Glacier, the seasonal mass balance for 2019 was −1,170 mm w.e. The maximum modelled seasonal melt of the same period was −1,053 mm w.e. Precipitation has a significant influence on the difference in ice melt results. If snowfall occurred during the observation period (a frequent event on the glacier in summer), then ice melting stops consequently until the snowpack melts (Fujita and Ageta, 2000).
[image: Figure 10]FIGURE 10 | Observed and simulated daily mass balance at Bordu glacier (4,137 m a.s.l.). Red star indicates seasonal mass balance change at the end of the observation period (2018/09/12–2019/09/07) reported to World Glacier Monitoring Service (WGMS) (Zemp et al., 2021). Sensor type indicates a recording instrument for a certain period of observations.
4.5 Runoff components
Analysis of the components of river basin runoff was undertaken using modelling results, which were compared with average elevation values. Figure 11 displays the relationship between elevation (horizontal axis), percentage of each component (left vertical axis) and runoff of components in millimeters (right vertical axis). It can be seen that rain contribution is reduced with increasing altitude, and snow contribution is increased. From the beginning of the glacier zone, the contribution of ice melting to basin runoff increases. Evaporation, in contrast, decreases with elevation; for example, in the Chon-Kyzyl-Suu basin in the zone of 2,100–2,200 m a.s.l., evaporation was estimated to be 400 mm, and at 4,400 m a.s.l., the value was close to zero due to the combined effects of lower temperatures and reduced availability of water vapour in the atmosphere. The distribution of runoff components also varied between nearby basins, with glacial runoff primarily dependent on the percentage of glaciation, while rainfall runoff and snowmelt runoff were determined by the prevailing climatic conditions in the region and individual topographic characteristics of studied basins.
[image: Figure 11]FIGURE 11 | Runoff components along elevation for (A) Chon-Kyzyl-Suu, (B) Kichi-Kyzyl-Suu, and (C) Djuuku. The left axis represents the percentage of the total runoff. The right axis represents runoff depth. Evaporation is given in absolute values.
The contribution of glaciers to the runoff in different basins varies depending on the extent of glaciation and precipitation patterns. In the Chon-Kyzyl-Suu Basin, where glacial coverage is about 11.4% of the area, glaciers contribute approximately 50% of the water runoff during July and August, and 23% annually, with snowmelt and rainfall contributing 60% and 17%, respectively (Figure 12). The less glaciated Kichi-Kyzyl-Suu Basin (1.8% in area) is primarily sourced by snowmelt and rainfall throughout the year, with contributions of 64% and 22%, respectively, while glaciers contribute around 25% during July and August and 8% annually. In the Djuuku Basin (8.3% in area), glaciers contribute about 54% of the water runoff during July and August, and 27% annually, with snowmelt and rainfall contributing 50% and 23%, respectively. The contribution of glaciers to the seasonal runoff varies not only based on the degree of glaciation but also on the amount and distribution pattern of precipitation.
[image: Figure 12]FIGURE 12 | Monthly runoff depths and glacier contribution for (A) Chon-Kyzyl-Suu (B) Kichi-Kyzyl-Suu (C) Djuuku basins (2002–2008).
5 DISCUSSION
In this study, we analysed water balance components in terms of annual composition and seasonal distribution. The distribution of runoff components in nearby basins exhibits variability, with glacial runoff primarily influenced by the percentage of glaciation, while rainfall runoff and snowmelt runoff are determined by various factors related to climatic conditions in the region and topography. The partitioning of precipitation into rain and snow is a key factor in determining the average snowmelt component. The results obtained for seasonal glacier melt emphasise the significant role of topography in modelling melting processes throughout the year. The results also highlight the sensitivity of incoming solar radiation to cloud cover and the effectiveness of a simple parameterisation approach based on reanalysis data that takes into account cloud transmissivity. This approach can be applied to other regions with similar characteristics to improve the accuracy of ice and snow melt modelling.
Complex physical models may offer certain advantages over degree-day models in the context of glacio-hydrological modelling. These advantages include the potential to capture spatial variability by considering factors such as topography and shading, as well as the ability to incorporate energy balance components and process interactions. Integrating mass balance modelling of glaciers into hydrological models is crucial for accurately simulating streamflow and assessing water resources in glacierised catchments (Schaefli et al., 2005; Konz and Seibert, 2010). However, differences in temporal and spatial resolution among models can introduce additional variations in model outputs, even for the same type of model. Most of the fully distributed glaciological models run at grid resolutions between 10 m and 250 m (Pellicciotti et al., 2014), and higher resolutions generally provide more accurate representations of the system but require more computational resources and longer runtimes. The use of a 1 km resolution in our study was found to be optimal for regional simulations due to constraints and data availability. This resolution struck a balance between capturing detailed spatial variations and ensuring sufficient data for accurate modelling. While this lower resolution may introduce some errors and limitations in capturing spatial variability and finer-scale processes, it is important to find an appropriate balance considering research goals.
Mass balance gradients play a crucial role in estimating glaciological modelling performance, providing insights into the processes driving ice accumulation and ablation, such as snowfall, melting, and sublimation along the elevation. Modelled mass balance gradients (Figure 6) highlight that the model resolution may introduce uncertainties in calculating the mass balance of small-scale glaciers. This is because the model may not fully cover the elevation bins necessary to capture the variations in mass balance accurately. High-resolution glaciological simulations, which consider the representation of mass balance gradients, can provide more precise results for such cases. Additionally, the lack of high-resolution input data, particularly the gradients of precipitation and temperature strongly related to elevation, contributes to the uncertainties in the modelled mass balance gradients.
According to the results of mass balance modelling, we can estimate that the overall mass balance gradient for the Sary-Tor Glacier is 0.3 m w.e. yr-1 per 100 m, for Kara-Batkak 0.37 m w.e. yr-1 per 100 m, for Bordu 0.34 m w.e. yr-1 per 100 m, for Batysh-Sook 0.4 m w.e. yr-1 per 100 m and 0.31 m w.e. yr-1 per 100 m for the Glacier No. 354 compared with previous research in the study area, for the Davydov Glacier (adjacent to the Sary-Tor Glacier), this value was 0.3 m w.e. yr-1 per 100 m (Aizen and Zakharov, 1989) (Table 3). For Sary-Tor 0.4 m w.e. yr-1 per 100 m (Ushnurtsev, 1991), and for Batysh-Sook, the gradient was 0.45 m w.e. yr-1 per 100 m (Kenzhebaev et al., 2017). During the reconstruction of the glaciers’ mass balance in the study region, the gradient was between 0.5 m w.e. and 0.6 m w.e. yr-1 per 100 m (van Tricht et al., 2021), in the ablation zone of glacier No.354 it was estimated as 0.68 m w.e. yr-1 per 100 m (Kronenberg et al., 2016) and for south-faced Grigoriev glacier it was 0.6 m w.e. yr-1 per 100 m (Fujita et al., 2011). Due to the limitations of temperature downscaling at a resolution of 1 km and the consistent representation of precipitation as in the dataset, the modelled gradients may not adequately capture the spatial variability of the glacier or cover specific elevation bands of the glacier (Figure 6). Regional climate conditions and precipitation patterns influence the accumulation component of a glacier. This is evident in the case of Bordu and Glacier No.354, two adjacent glaciers that exhibit a significant difference in observed snow accumulation during the 2015–2017 seasons. At an elevation of 4,650 m, the snow accumulation for Bordu was 410 mm, −100 mm, and 100 mm for consecutive years, while for Glacier No. 354, it was 954 mm, 1,300 mm, and 484 mm for the corresponding years. However, it is important to note that the variability in observed snow accumulation can be attributed to differences in the methods used for data collection. These variations in observation methods can contribute to the observed variability in snow accumulation between the two glaciers.
TABLE 3 | Comparison of mass balance gradients of modelled glaciers.
[image: Table 3]The study findings showed the varying magnitudes of glacier contribution in the three examined basins. In addition to the extent of the glaciated area, the precipitation pattern and amount significantly influence glacier contribution. Previous research on twenty-four catchments in the Tien-Shan Mountains utilising the glacier-enhanced Soil and Water Assessment Tool (SWAT) model demonstrated a strong correlation between the glaciated area of the catchment and ice melt contribution, averaging at 10.5% (Zhang et al., 2016). Within a small catchment encompassing the Kara-Batkak glacier, modelling results estimated a glacier melt contribution of 47% during the glacier melting season. Previous long-term studies on runoff sources in the region conducted by Dikikh and Mikhailova (1976) reported an average glacier contribution of 50% to total runoff. These findings align with the analysis of recent hydrometeorological data conducted by Satylkanov (2018). Catchments with lower degrees of glaciation exhibit considerably lower ice melt runoff contributions, consequently affecting the overall runoff (Figure 11B). Higher elevations with greater glacier coverage yield higher runoff volumes and may be affected by significant changes in runoff variability as glaciers melt. However, it is essential to note that accurately simulating glacier runoff and estimating its contribution to overall water flow involves considering various factors and potential sources of uncertainty. One crucial factor is the inclusion of shortwave radiation correction in the modelling process. For instance, within the Kara-Batkak glacier tongue, average melting rates were overestimated by 30% when radiation correction was not applied. This highlights the significance of accounting for topographic effects to reduce uncertainties and improve the accuracy of glacier contribution estimations.
Additionally, the uncertainties associated with subsurface flow in high mountain areas, including the Tien-Shan, highlight the need for further research and exploration to improve our understanding of these processes. The observed overestimation of fall season flows in the Kichi-Kyzyl-Suu catchment (Figure 5) could be attributed to differences in subsurface flow patterns compared to other basins. Somers and McKenzie (2020) described the main features that distinguish groundwater processes in mountainous areas from lower relief areas. High surface topography causes deeper groundwater circulation, which affects the dominant local flow paths and flow rates (Forster and Smith, 1988). The unexplored nature of these processes, especially in the Tien-Shan, limits the ability to accurately describe the water cycle in mountain systems. Hydrogeological parameters of the subsurface are complicated, especially considering glacial deposition processes which can significantly distort the results of modelling on a regional scale.
6 CONCLUSION
This study utilised a land surface model with an integrated glaciological component to analyse the various runoff components in glaciated basins. Solar radiation downscaling techniques were employed to incorporate local topographic features into the dataset, while cloud transmissivity was parameterised using AWS and reanalysis data. The results of discharge, mass balance of reference glaciers, and snow water equivalent were compared with observed data to evaluate the model’s performance.
The findings highlight the primary factors influencing the contribution of glaciers to the study basins, namely, the percentage of glaciation within the basin and the prevailing regional climate. It was observed that the maximum glacier contribution occurred during July and August, reaching up to 54% in some basins. On an annual scale, the average glacier contribution across the basins was found to be 19%, with snowmelt and rainfall ratios of 58% and 23%, respectively. These results underscore the importance of considering both the extent of glaciation within the basin and the climatic conditions in accurately determining the overall contribution of glaciers to the hydrological system.
The model results demonstrated a good agreement with observed data, as indicated by the Nash-Sutcliffe Efficiency (NSE) values ranging from 0.64 to 0.81 and Kling-Gupta Efficiency (KGE) values ranging from 0.72 to 0.84 for discharge. The modelling of snow water equivalent also showed good agreement with observation data on Bordu glacier, while the modelled mass balance of reference glaciers exhibited a gradient of 0.3 m w.e. to 0.4 m yr-1 per 100 m.
Furthermore, comparing observed ablation on Kara-Batkak glacier with modelling results revealed the significant impact of input data on the melting rate. Glacier mass-balance simulations overestimated melting rates by 30% within Kara-Batkak glacier tongue without topographic correction. However, the use of corrected shortwave downward radiation data from ERA5, which incorporates topographic and cloud-based adjustments, yielded more accurate results for seasonal mass balance relative to observations. Incorporating accurate topographic data in glacier melt modelling was essential for understanding hydrological processes and predicting the amount and timing of meltwater runoff from glaciers. Accurate modelling of glacier meltwater runoff is crucial for comprehending the implications of climate change on water resources, natural hazards, and ecosystem dynamics in mountainous regions.
Lack of observation data affects the error in correcting the reanalysis data. Inaccessibility of high altitude areas and lack of resources for monitoring affect progress in developing appropriate models. The availability of precipitation data is critical because regional climatic variability can have a particular impact on precipitation patterns. For the forcing data, future studies should focus on the distribution pattern of precipitation in high mountainous areas and snow-rain separation factors.
This study’s primary focus is to determine the runoff components of the high-altitude river basin for a relatively short period. The glaciation area was left unchanged to reduce the uncertainty of the results regarding the dynamic component of glacier evolution. Nevertheless, it is necessary to consider glaciers’ geometry change for more extended simulations and predictions of the future state. Physical-based hydrology models depend on accurate and precise data inputs, particularly in regions with complex topography and climatic variations. However, with careful validation of models using in-situ observational data, these models can provide valuable insights into the dynamics of water resources and glacier degradation.
This study analysed the components of river basin runoff from the modelling results and compared them with average altitude values. The findings demonstrate the potential of land surface models in predicting runoff components in glaciated basins, offering valuable insights into the hydrological processes of high-mountain basins that can contribute to water resources management and climate change risk assessment. However, the lack of observation data poses a challenge in accurately correcting reanalysis data, and the availability of precipitation data is crucial for model validation. Therefore, expanding the analysis to cover additional regions and enhancing the observational network will undoubtedly improve the reliability and performance of the model.
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