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 A B S T R A C T

Study regions: Three river basins in western Mongolia (Khovd, Uvs, and Zavkhan).
Study focus: Water resources in Mongolia, which have been poorly studied to date, are limited 
and unevenly distributed, with the contribution of glacier meltwater being unknown. We 
simulated the runoff in three river basins in western Mongolia that receive glacier meltwater. 
ERA5 reanalysis data were evaluated using observations at 28 meteorological stations, and 
then the glacier meltwater and river runoff were simulated using statistically downscaled ERA5 
reanalysis data and three models: an energy-mass-balance model for glaciers, a land-surface 
process model for ice-free terrain, and a river runoff model to combine the runoff from the two 
terrains. The simulated runoffs are validated with observations at 34 hydrological stations.
New hydrological insights for the region: The glacier meltwater contribution, which is first 
quantitatively evaluated, is substantial in the Khovd River basin, occurs only in some sub-basins 
of the Uvs Lake basin, and is negligible in the Zavkhan River basin. The glacier-free simulation 
indicates that, if glaciers were to disappear, river runoff would significantly decrease during 
the summer, with the peak flow shifting 1–2 months earlier compared to the present day. The 
glacier meltwater contribution to river runoff exhibits a nonlinear relationship with the glacier 
area contribution, which is much greater than that found in a previous study for Tien Shan, 
suggesting that shrinking ice mass would supply larger amounts of water. Analyses of correlation 
and extremes suggest that runoff from glacierized catchments responds differently than runoff 
from glacier-free terrains and thus would compensate for a water deficit caused by a warm and 
dry environment by supplying glacier meltwater, and vice versa.

1. Introduction

Mongolia, an inland country in Northeast Asia (Fig.  1), is isolated from the ocean (Sato et al., 2007; Antokhina et al., 2019). 
According to the Köppen–Geiger climate classification map, the mountain regions of northwestern Mongolia are polar and tundra 
zones, whereas the lowland regions are arid and desert zones (Kottek et al., 2006). The climate of Mongolia is characterized by a 
wide range of temperatures and low precipitation (Batsukh et al., 2008; Munkhbat et al., 2022).

Mongolia’s total water resource is estimated to be about 600 km3, with 89% of this water being stored in 3500 lakes, 5.5% in 3800 
rivers, 3.5% in 560 glaciers, and 2.0% as groundwater (Garmaev et al., 2019). The high mountain ranges in northwestern Mongolia 
produce 70% of Mongolia’s surface water (Batsukh et al., 2008). Glaciers are distributed across the 42 mountain massifs in the 
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Fig. 1. Studied basins in western Mongolia (inset map). Purple, blue, and red polygons denote the Khovd River, Uvs Lake, and Zavkhan River basins, 
respectively. Blue lines, dark and light blue shadings denote rivers from the HydroSHEDS database (Lehner and Grill, 2013), glaciers from the GAMDAM 
glacier inventory (Nuimura et al., 2015; Sakai, 2019), and lakes, respectively. Khar-Us, Uvs, and Airag are the terminal lakes of the basins. Light blue triangles 
and orange circles denote hydrological and meteorological stations, respectively, whose details are available in Figure S1 and Tables  1 and 2. Open yellow 
diamonds denote the glaciers studied in a previous study (Khalzan et al., 2022) and their precipitation parameters are used in this study.

Mongolian Altai Mountains (Batimaa et al., 2011). In 2016 the total glacier area was 334 km2 (627 glaciers), as inferred from Landsat 
−8 and Sentinel-2 image analysis, with 206 of these glaciers exhibiting a 43% reduction in glacier area between 1990 and 2016 (Pan 
et al., 2018). Ongoing fluctuations in the size of mountain glaciers, which may directly affect water resources and flow patterns, 
represent a crucial aspect of the hydrological systems within the watersheds of the Mongolian Altai Mountains. Consequently, climate 
change may reshape water resources by impacting glacier mass balances, thereby influencing regional development (Orkhonselenge 
and Harbor, 2018).

Few studies have examined glaciers and glacier-fed rivers in Mongolia. The first glacier-related study in Mongolia assessed the 
total glacier volume, which was estimated to be 62.8 km3 (Dashdeleg et al., 1983). Century-scale changes in glacier size have been 
reported for glaciers in the Turgen Mountains (Kamp et al., 2013). Multi-decadal glacier inventories have been created for 1990, 
2000, and 2010 (Kamp and Pan, 2015), with glacier recession then analyzed from these inventories (Pan et al., 2018). In situ 
glacier monitoring has been conducted for Potanin Glacier since 2003 (Kadota and Davaa, 2007; Kadota et al., 2011; Konya et al., 
2010), and long-term annual mass balances have been reconstructed using energy-mass-balance models (Zhang et al., 2017; Khalzan 
et al., 2022). Davaa (2010) reported that the mean annual runoff for rivers originating from the Altai Mountains has increased by 
15%–35% during the past 30–70 years, and proposed that the increased runoff was due to increased glacier melting. Pan et al. (2019) 
estimated the contribution of glacier meltwater (GMW) to river runoff in the upper Khovd River basin to be 8%–18% by assuming 
a simple mass-balance gradient and equilibrium line altitude (ELA), although the results were not validated and observational data 
were not considered. In a six-day observational study of the Tsambagarav Massif, Bantcev et al. (2019) estimated the contribution 
of GMW to river flow to be 20%–30%.

Previous studies of river runoff in western Mongolia have made estimates based on simple assumptions or short observational 
periods. No estimates have been made over the scale of large basins in the region or over multiple decades. This study aims to 
quantitatively evaluate the contribution of GMW to river runoff in western Mongolia using physically based models of glaciers and 
land-surface processes.

2. Data and methods

2.1. Target basins and data

We performed runoff simulations for the Khovd River, Uvs Lake, and Zavkhan River basins in western Mongolia (Fig.  1). The 
Khovd River basin, in westernmost Mongolia, is the most glacierized basin, with its runoff originating in the Altai Mountains and 
flowing into Khar-Us Lake (Dgebuadze et al., 2014; Syromyatina et al., 2015). The basin covers 57,000 km2 and is monitored by 17 
hydrological stations and 12 meteorological stations. The Uvs Lake basin, which is located in the northern part of western Mongolia 
2 
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Table 1
Overview of the 30 hydrological stations in western Mongolia. 𝐴𝑔𝑙𝑐 denotes glacier area ratio.
 Station name Code Large Longitude Latitude Catchment area Glacier area 𝐴𝑔𝑙𝑐  
 basin (◦E) (◦E) (km2) (km2) (%)  
 Tsagaan Tsengel TsT Khovd 88.517 49.092 586.2 71.44 12.2  
 Sogoog Khokhkhotol SoK Khovd 88.899 49.244 1828.8 2.29 1.25 × 10−1 
 Kharbut Altai KhA Khovd 89.513 48.292 3127.0 0.00 0.00  
 Sagsai Buyant SaB Khovd 89.534 48.578 4681.0 20.69 4.42 × 10−1 
 Turgan Sagsai TuS Khovd 89.680 48.874 3235.6 12.70 3.93 × 10−1 
 Khovd Ulgii KhU Khovd 89.948 48.979 25513.9 202.66 7.94 × 10−1 
 Khovd Bayannuur KhB Khovd 91.101 48.986 39977.1 258.08 6.46 × 10−1 
 Ulaan am Erdeneburen UaE Khovd 90.773 48.601 22.1 2.24 10.1  
 Namir Omnogovi NaO Khovd 91.719 49.118 583.24 9.2 1.59  
 Chigertei Deluun ChD Khovd 90.697 47.839 2107.01 5.0 2.38 × 10−1 
 Gantsmod Deluun GaD Khovd 90.684 47.619 3650.7 4.40 1.20 × 10−1 
 Buyant Deluun BuD Khovd 90.840 47.790 1146.7 1.43 1.25 × 10−1 
 Buyant Khovd BuK Khovd 91.621 48.015 7132.3 9.74 1.37 × 10−1 
 Khovd Myangad KhM Khovd 91.900 48.233 55673.0 329.29 5.91 × 10−1 
 Dundtsenkher Monkhkhairkhan DuM Khovd 91.857 47.071 2030.7 27.18 1.34  
 Doloonnuur Monkhkhairkhan DoM Khovd 91.831 47.093 1567.0 24.85 1.59  
 Togrog Mankhan ToM Khovd 92.229 47.466 5532.9 22.74 4.11 × 10−1 
 Kharig Sagil KhS Uvs 90.757 50.240 1563.0 17.26 1.10  
 Turgen Turgen TuT Uvs 91.606 50.077 993.1 7.89 7.94 × 10−1 
 Kharkhiraa Tarialan KhT Uvs 91.861 49.780 886.9 34.77 3.92  
 Khangiltsag Tsagaankhairhan KgT Uvs 94.242 49.431 494.7 0.00 0.00  
 Baruunturuun Baruunturuun BaB Uvs 94.389 49.588 1000.0 0.00 0.00  
 Tes Bayan Uul TbU Uvs 96.440 49.742 12470.2 0.00 0.00  
 Yaruu Yaruu YaY Zavkhan 96.710 48.190 425.3 0.00 0.00  
 Chigestei Uliastai ChU Zavkhan 96.849 47.740 1661.2 0.69 4.15 × 10−2 
 Bogd Uliastai BoU Zavkhan 96.850 47.740 2715.6 0.38 1.41 × 10−2 
 Shar Us Gurvanbulag SuG Zavkhan 98.565 47.283 1039.9 0.00 0.00  
 Buyant Otgon BuO Zavkhan 97.639 47.118 8666.9 0.06 7.26 × 10−4 
 Zavkhan Guulin ZaG Zavkhan 97.267 46.567 11908.2 0.18 1.52 × 10−3 
 Zavkhan Dorvoljin ZaD Zavkhan 94.993 47.644 38012.1 0.18 4.80 × 10−4 

and is 5700 km2 in size, is designated as a natural world heritage site (Grunert et al., 2000). Glaciers occur in the Turgen-Kharkhiraa 
Mountains in the western part of the basin. The basin includes six hydrological and six meteorological stations. The drainage systems 
within the Zavkhan River basin originate mainly in the Khangai Mountains and flow into Airag Lake (Ochir et al., 2013). The 
98,000-km2 basin is monitored by seven hydrological and five meteorological stations.

In this study, we simulated and validated the daily runoff recorded at 30 hydrological stations for the period 2000–2020 (Figures 
1 and S1a). We used the air temperature and precipitation data recorded at 28 meteorological stations in and around the Khovd 
River, Uvs Lake, and Zavkhan River basins to confirm and calibrate the ERA5 data for the period 1990–2020 (Figures 1 and S1b). 
We also used the precipitation parameters that were determined in this study and a previous study of four glaciers in the Mongolian 
Altai Mountains (Khalzan et al., 2022) to calibrate the ERA5 precipitation. Additional details on the hydrological and meteorological 
stations used in this study and the glaciers studied by Khalzan et al. (2022) are summarized in Tables  1 and 2.

Fig.  2 shows an outline of the data preprocessing and simulation in this study. We first confirmed the reproducibility of the 
ERA5 temperature and calibrated the ERA5 precipitation values using the observed values at 28 meteorological stations (Hersbach 
et al., 2020). We then statistically downscaled the ERA5 data from 0.25◦ to 5-arc-min (∼10-km) resolution as the meteorological 
forcing data for the models. We estimated the meteorological variables via the inverse distance weighing (IDW) method, with an 
effective radius of 0.2◦. The air temperature was calibrated at sea level with the temperature lapse rate (6.0 ◦C  km−1) before and 
after the spatial downscaling. The downward longwave radiation depends on air temperature via the Stefan–Boltzmann equation. 
A calibration parameter, such as atmospheric emissivity (𝜀𝑎), can therefore be estimated as a function of air temperature (𝑇𝑎, ◦C) 
and downward longwave radiation (𝑅𝐿𝑑 , W m−2) as follows: 

𝜀𝑎 =
𝑅𝐿𝑑

𝜎(𝑇𝑎 + 273.15)4
, (1)

where 𝜎 is the Stefan–Boltzmann constant (5.67 × 10−8 W m−2 K−4). The estimated atmospheric emissivity was also spatially 
downscaled, and the downscaled downward longwave radiation was then calculated from the downscaled air temperature via Eq. 
(1).

2.2. Models

We adopted three models to simulate the river runoff in the three river basins in western Mongolia: (1) a land-surface model 
(Simple Biosphere including Urban Canopy model, SiBUC) to determine the energy and water balance over the off-glacier terrain, 
(2) an energy-mass-balance model (GLacIer energy Mass Balance model, GLIMB) to estimate the amount of GMW, and (3) a river 
3 
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Table 2
Overview of the 28 meteorological stations and four glaciers in western Mongolia. SAT and APR denote mean summer temperature and annual precipitation, 
respectively. 𝑟𝑝 denotes the precipitation ratio to calibrate the ERA5 precipitation. Data of four glaciers are of Khalzan et al. (2022).
 Station name Code Large Longitude Latitude Elevation SAT APR 𝑟𝑝  
 basin (◦E) (◦E) (m a.s.l.) (◦C) (mm)  
 Nogoonnuur NG Khovd 90.248 49.614 1474 17.26 ± 0.84 85 ± 26 0.344 
 Ulgii UL Khovd 89.970 48.970 1720 16.46 ± 0.89 117 ± 29 0.594 
 Yalalt YL Khovd 89.515 48.299 2137 12.26 ± 0.81 143 ± 31 0.471 
 Khar-Us KU Khovd 91.718 49.104 1589 16.29 ± 0.93 139 ± 44 0.665 
 Bayannuur BY Khovd 91.162 48.939 1333 19.10 ± 0.78 94 ± 25 0.520 
 Deluun DL Khovd 90.697 47.863 2150 13.31 ± 0.91 105 ± 27 0.511 
 Dund-Us DU Khovd 91.373 48.126 1711 17.04 ± 0.78 163 ± 43 0.422 
 Khovd KV Khovd 91.633 47.996 1405 14.51 ± 0.90 130 ± 35 0.680 
 Chandmani CD Khovd 92.813 47.664 1661 17.58 ± 1.04 150 ± 56 0.485 
 Mankhan MK Khovd 92.224 47.420 1352 19.85 ± 0.85 76 ± 25 0.393 
 Zereg ZR Khovd 92.844 47.111 1152 21.40 ± 1.28 81 ± 34 0.275 
 Monkhkhairkhan MO Khovd 91.853 47.065 2093 14.58 ± 0.97 145 ± 18 0.537 
 Ulaangom UG Uvs 92.069 49.972 939 18.84 ± 0.93 147 ± 54 0.503 
 Tes TS Uvs 93.601 50.476 799 19.44 ± 0.93 129 ± 39 0.575 
 Malchin MC Uvs 93.269 49.729 1393 16.59 ± 0.92 263 ± 79 0.749 
 Baruunturuun BT Uvs 94.400 49.650 1234 17.58 ± 1.10 245 ± 62 0.750 
 Bayan-Uul BU Uvs 96.363 49.700 1420 15.60 ± 1.03 195 ± 40 0.626 
 Chandagat CG Uvs 97.748 49.535 1744 13.40 ± 1.05 228 ± 69 0.698 
 Ondorkhangai OK NA 94.861 49.271 1863 14.38 ± 0.69 190 ± 49 0.494 
 Nomrog NR NA 96.962 48.871 1847 13.75 ± 1.01 180 ± 52 0.724 
 Tsetsen-Uul TU NA 96.004 48.748 1927 12.63 ± 1.18 238 ± 52 0.614 
 Zavkhanmandal ZM NA 95.099 48.325 1442 17.82 ± 0.69 138 ± 37 0.843 
 Zavkhan ZH Zavkhan 93.103 48.822 1049 20.89 ± 0.99 70 ± 30 0.618 
 Dorvoljin DR Zavkhan 94.999 47.647 1391 19.26 ± 1.10 96 ± 45 0.732 
 Uliastai US Zavkhan 96.820 47.750 1391 15.59 ± 1.23 219 ± 72 0.717 
 Otgon OT Zavkhan 97.605 47.210 2156 12.56 ± 1.10 161 ± 51 0.618 
 Altai AT Zavkhan 96.238 46.378 2180 14.29 ± 1.12 180 ± 46 0.654 
 Bayanbulag BB NA 98.087 46.812 2257 12.55 ± 1.13 146 ± 50 0.510 
 Potanin Glacier PT Khovd 87.866 49.154 3650 0.00 ± 0.85 621 ± 58 0.650 
 Tsambagarav Glacier TB Khovd 90.841 48.603 3707 –0.19 ± 0.89 248 ± 39 0.670 
 Turgen Glacier TG Uvs 91.368 49.697 3360 1.84 ± 1.01 855 ± 93 0.920 
 Sutai Glacier ST NA 93.615 46.629 3976 0.11 ± 0.92 190 ± 39 0.660 

routing model (Rainfall Runoff Inundation, RRI) to combine the runoff from the SiBUC and GLIMB models. This hybrid approach 
allows us to account for the sub-grid heterogeneity in glacier and land surface characteristics while maintaining computational 
feasibility for the large study region (Sadyrov et al., 2024).

2.2.1. Land-surface model: SiBUC
We adopted SiBUC, a land-surface model that calculates the water and energy balance in a gridded system (Tanaka, 2005), to 

simulate the land-surface processes in each basin. The SiBUC model, which is based on the SiB (Sellers et al., 1986) and SiB2 (Sellers 
et al., 1996) models, calculates the surface processes for several mosaic schemes, such as green areas, water bodies, and urban areas. 
Here we briefly describe the surface processes over the off-canopy bare ground, which is the major surface condition in western 
Mongolia. See Tanaka (2005) for further details of the SiBUC model. The ground surface temperature (𝑇𝑔) is estimated by a submodel 
for the green area to determine the surface flux, and a force-restore model then calculates heat transfer in the soil (Deardorff, 1977). 
The heat conduction equation is analytically solved by assuming a periodic forcing, and the periodic ground heat flux and deep soil 
temperature (𝑇𝑑) are then parameterized. This approach allows a feasible representation of temperature dynamics. The governing 
equations for the ground surface and soil temperatures are as follows: 

𝐶𝑔
𝜕𝑇𝑔
𝜕𝑡

= 𝑅𝑛𝑔 +𝐻𝑆 +𝐻𝐿 − 𝜔𝐶𝑔(𝑇𝑔 − 𝑇𝑑 ), (2)

where 𝐶𝑔 is the heat capacity for ground soil; 𝑅𝑛𝑔 is the net radiation absorbed at the ground; and 𝐻𝑆 and 𝐻𝐿 are the sensible 
and latent heat fluxes, respectively. The absorbed net radiation, which consists of shortwave and longwave radiation, is expressed 
as follows: 

𝑅𝑛𝑔 = (1 − 𝛼𝑔)𝑅𝑆𝑑 + 𝑅𝐿𝑑 + 𝜀𝑔𝜎(𝑇𝑔 + 273.15)4, (3)

where 𝛼𝑔 is the surface albedo; 𝑅𝑆𝑑 and 𝑅𝐿𝑑 are the downward shortwave and longwave radiation, respectively; and 𝜀𝑔 is the 
emissivity of the surface terrain.

The governing equation for interception water that accumulates on the ground (𝑀𝑔) is as follows: 
𝜕𝑀𝑔 = 𝑃 − (𝑃𝑐 −𝐷𝑐 ) − 𝑃𝑖 −𝐷𝑔 −

𝐸𝑤𝑔 , (4)

𝜕𝑡 𝜌𝑤

4 
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Fig. 2. Flowchart of the study. 𝑇  and P denote air temperature and precipitation, respectively.

where 𝑃  is precipitation; (𝑃𝑐 −𝐷𝑐 ) is the water captured by the canopy, which is expressed by the precipitation on the canopy (𝑃𝑐) 
and the water drainage rate from the canopy (𝐷𝑐); 𝑃𝑖 is the infiltration of precipitation into the upper soil layer; 𝐷𝑔 is the rate of 
water drainage from the surface; 𝐸𝑤𝑔 is evaporation (kg m−2 s−1); and 𝜌𝑤 is the density of water (1000 kg m−3).

The heat and moisture transfers in the soil are calculated using a three-layer isothermal model that considers hydraulic diffusion 
and the gravitational drainage of water. The total runoff from green areas (𝑅𝑔𝑟𝑑) is determined by summing the surface runoff (𝐷𝑔) 
and baseflow (𝑄𝑏), which is equivalent to the gravitational drainage from the recharge layer.

The land-cover type affects the energy, radiation, and water budgets. The SiBUC model incorporates a mosaic approach to reflect 
mixtures of different land-cover types (Tanaka, 2005). The land-surface parameters used in this study include the land-cover fractions 
dataset (Loveland et al., 2000). The soil parameters were identified using the 1-km (30-arc-sec) ECOCLIMAP dataset (Champeaux 
et al., 2005). The GTOPO30 (30-arc-sec) dataset was used as the digital elevation model (DEM). All the model parameters were 
determined using land-surface products, thereby eliminating the need for calibration. The soil characteristic parameters in the SiBUC 
model are based on (Cosby et al., 1984). The parameters at a 1-km resolution were averaged to a 5-arc-min (∼10-km) grid resolution 
for the SiBUC simulation.

2.2.2. Glacier energy-mass-balance model: GLIMB
Although the SiBUC model calculates snow processes (snow accumulation and melting) over the terrain, it does not consider 

glaciers, which can produce excess meltwater by ice ablation. We therefore adopted GLIMB, which was previously applied to 
glaciers in high mountain Asia (Fujita and Ageta, 2000; Fujita and Sakai, 2014), to incorporate glaciological processes into the 
overall scheme. The surface heat balance (𝑄𝑚) is calculated as follows: 

𝑄𝑚 = 𝑅𝑛𝑠 +𝐻𝑆 +𝐻𝐿 − 𝐺𝑔 , (5)

where 𝑅𝑛𝑠 is the net radiation absorbed at the glacier surface, whereby the albedo and surface temperature in Eq.  (3) are replaced 
by those for the glacier surface (𝛼𝑠 and 𝑇𝑠, respectively), and 𝐺𝑔 is the conductive heat flux into the glacier ice, which is determined 
from the temperature profile through the ice. Glacier runoff (𝑅𝑔𝑙𝑐) is calculated as follows: 

𝑅𝑔𝑙𝑐 =
𝑄𝑚 + 𝑃𝑟 + max

[

𝐻𝐿 , 0
]

− 𝑅𝑟𝑒𝑓 , (6)

𝑙𝑚 𝑙𝑒
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where 𝑙𝑚 and 𝑙𝑒 are the latent heat of ice melting and water evaporation, respectively; 𝑃𝑟 is rainfall; and 𝑅𝑟𝑒𝑓  is refrozen water in 
the snow layer. Runoff from the glacier is input into the river system through a bucket model that includes two storages (Motoya 
and Kondo, 1999). Further details of the model can be found in Fujita and Ageta (2000) and Fujita and Sakai (2014).

GLIMB uses daily data as input and has been successful in simulating glacier mass balance and runoff under a variety of climates 
such as the central (Fujita et al., 2007), northern (Sakai et al., 2009, 2010), and southeastern (Zhang et al., 2016a) Tibet, Tien 
Shan (Sadyrov et al., 2024), and Patagonia (Minowa et al., 2023). GMW generation is more sensitive to elevation than to horizontal 
resolution of input variables. Therefore, the GLIMB model calculates glacier runoff at 50-m intervals in elevation. The hypsometry 
(area-elevation profile) of the glacier surface (𝑎𝑔𝑙𝑐𝑧 , km2) is summarized at a 5-arc-min grid (∼10-km) resolution using the GAMDAM 
glacier inventory (Nuimura et al., 2015; Sakai, 2019) and ASTER-GDEM3 (Tachikawa et al., 2011).

2.2.3. River runoff model: RRI
We adopted the RRI model, which is a two-dimensional (2-D) model that can simultaneously simulate river runoff and flood 

inundation (Sayama et al., 2012), to integrate the runoff from the on- and off-glacier terrains and then calculate the river runoff. 
The RRI model is designed to capture the spatial and temporal variability of runoff and inundation, whereby it considers the effects 
of both the slope and surface roughness. Note that the model deals with slopes and river channels separately. At a given grid cell 
in which a river channel is located, the channel is discretized as a single vector along the centerline of the overlying slope grid cell. 
The channel represents an extra flow path between grid cells lying over the actual river course. Lateral flows are simulated on slope 
cells (without a channel) on a 2-D basis.

The basin topography inputs, which include the void-filled DEM, a drainage direction map, and a flow accumulation map of 
the targeted hydrological stations for the RRI simulation, were extracted at a 30-arc-sec (∼1-km) resolution from the HydroSHEDS 
database (Lehner and Grill, 2013). A gridded rainfall dataset is generally used as input for the RRI model. We calculated an integrated 
runoff dataset at a 5-arc-min (∼10-km) resolution in our simulations as follows: 

𝑅𝑥,𝑦 =
𝑅𝑔𝑟𝑑𝐴𝑔𝑟𝑑 +

∑

𝑧 𝑅𝑔𝑙𝑐𝑧𝑎𝑔𝑙𝑐𝑧
𝐴𝑔𝑟𝑑 +

∑

𝑧 𝑎𝑔𝑙𝑐𝑧
, (7)

where 𝑅𝑥,𝑦 is the daily runoff depth (mm d−1) at a given grid cell, 𝑅𝑔𝑙𝑐𝑧  is the daily runoff depth of glacier surface (mm d−1) at a 
given elevation band (𝑧, m above sea level), and 𝐴𝑔𝑟𝑑 is the area of the glacier-free terrain (km2) in a 5-arc-min (∼10-km) grid cell. 
The daily runoff depth on- and off-glacier (𝑅𝑔𝑙𝑐𝑧  and 𝑅𝑔𝑟𝑑𝑧 ) are independently calculated by GLIMB and SiBUC. The RRI simulation 
were performed for the period 1999–2020, and then the first year (1999) output was omitted as a relaxation period.

To evaluate the simulations, we calculated the normalized Nash–Sutcliffe efficiency (𝐸𝑁𝑁𝑆 ) of the simulated runoff using the 
daily runoff as follows:

𝐸𝑁𝑆 = 1 −
∑

𝑑 (𝑅𝑜𝑑 − 𝑅𝑚𝑑
)2

∑

𝑑 (𝑅𝑜𝑑 − 𝑅𝑜)2
,

𝐸𝑁𝑁𝑆 = 1
2 − 𝐸𝑁𝑆

, (8)

where 𝐸𝑁𝑆 is the Nash–Sutcliffe efficiency; 𝑅𝑜𝑑  and 𝑅𝑚𝑑
 are the observed and simulated daily (𝑑) runoffs, respectively; and 𝑅𝑜 is 

the annual mean of the observed runoff (Nash and Sutcliffe, 1970). The efficiency, which ranges from 1 to −∞, is then normalized 
to the range between 1 and 0 (Mathevet et al., 2006). For each station, 𝐸𝑁𝑁𝑆 was calculated every year for the period 2000–2020, 
with its mean and standard deviation calculated for years with > 180 days of observed data.

3. Results

3.1. Performance of the ERA5 data

The 2-m air temperature at the elevation of each meteorological station was extracted from the pressure-level atmospheric air 
temperatures and geopotential heights in the ERA5 data to confirm the reproducibility of the ERA5 temperatures (Khalzan et al., 
2022). Figure S2 shows the ERA5 and observed mean summer temperatures (June–August) for 1990–2020. The root mean square 
error (RMSE) exceeds 2 ◦C at two stations (MO and TU) and is <1 ◦C at 17 of the 28 meteorological stations. These RMSE results 
indicate that the ERA5 temperature data for western Mongolia are feasible for use in subsequent simulations.

The ERA5 summer precipitation, which are compared for 1990–2020, shows spatially variable biases (Fig.  3). We adopted 
the slope of the regression line with zero intercept as the precipitation parameter, which we then used to calibrate the ERA5 
precipitation. We also included the precipitation parameters that were determined at four glaciers (Khalzan et al., 2022) to calculate 
the distribution of the precipitation parameter by the IDW method and then downscale the precipitation.
6 
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Fig. 3. Comparison of summer precipitations of ERA5 (𝑃𝐸 , horizontal axes) and observation (𝑃𝑂 , vertical axes) at the 28 meteorological stations in western 
Mongolia. Text colors of the station correspond to the large basins (Fig.  1).

3.2. Simulated runoff

Fig.  4 shows climatological means of observed and simulated runoff. Monthly time series for 2000–2020 are shown in Figures 
S3 and S4. As shown in Fig.  5a, the normalized Nash–Sutcliffe efficiency (𝐸𝑁𝑁𝑆 ) is high in the Khovd River basin (0.725 ± 0.084, 
ranging between 0.618 and 0.894), moderate in the Uvs Lake basin (0.652 ± 0.092, ranging between 0.546 and 0.791), and lower 
in the Zavkhan River basin (0.559 ± 0.034, ranging between 0.503 and 0.603) (all the values are summarized in Table  3). 𝐸𝑁𝑁𝑆
tends to be lower (<0.7) in the glacier-free basins, even though the seasonal patterns are generally reproduced. The monthly runoff 
time series (Figures S3 and S4) suggest that the observed period each year seems unnaturally short at the two stations with the 
lowest 𝐸𝑁𝑁𝑆 (SuG and YaY). Figures S3 and S4 also suggest that the interannual variability in runoff seems to be well reproduced 
for the glacierized catchments, whereas it is poorly reproduced for the glacier-free catchments. The interannual variability in GMW 
is greater than that in runoff from the glacier-free catchment, and the precipitation parameter is a single value at each station 
(and then a spatially fixed value), such that the simulated interannual variabilities in runoff are basically due to the interannual 
variability in ERA5 precipitation. Furthermore, the winter reproducibility in small basins is generally poor because river freezing 
during winter is not considered in the models.

3.3. Contribution of glacier meltwater to river runoff

Figures 4, S3, and S4 show the contribution of GMW to runoff, which was independently calculated using the GLIMB and RRI 
models, and runoff in the case of no glaciers, for which runoff integration via Equation (7) was not performed. The seasonal patterns 
indicate a continuous increase in GMW from mid-May to early June that then drops to almost zero by November. Considering that the 
GMW contribution becomes more noticeable from June, the increase in river flow from April is directly caused by seasonal snowmelt 
at lower elevations. GMW seems to contribute to a maximum sustained river runoff from July to August, thereby producing an overall 
broader runoff pattern. Conversely, the simulation for a glacier-free environment shows a significant decrease in river runoff during 
summer, with flow peak occurring 1–2 months earlier than in the case with glaciers. Fig.  5b shows the spatial distribution of the 
GMW contribution (GMW to total runoff in %). The GMW contribution is large at the hydrological stations in the Khovd River basin, 
as Mongolian glaciers are located mainly in the Altai Mountains. The GMW in the western part of the Uvs Lake basin is from glaciers 
in the Turgen-Kharkhiraa Mountains (KhS, TuT, and KhT stations).

As a part of validation, we compared the simulated glacier mass balance (Bsim) with remotely sensed geodetic ones (Bgeod), which 
were adopted from Hugonnet et al. (2021), for 652 glaciers in western Mongolia (Figure S5). Although the relationship between 
Bsim and Bgeod is not that good, it does not stray too far from the one-to-one relationship. It appears that Bsim slightly overestimates 
the negative mass balance compared to Bgeod. This suggests that the simulated meltwater from individual glaciers could be greater 
than in reality. However, the area weighted averages (black circle with error cross) seem consistent each other, suggesting that the 
simulated GMW would be plausible in the catchment scale.
7 
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Table 3
Observed and simulated river runoff at the 30 hydrological stations in western Mongolia. ANR, 𝐸𝑁𝑁𝑆 , GMW, SAT, and APR denote annual mean runoff, 
normalized Nash–Sutcliffe efficiency, glacier meltwater, mean summer temperature, and annual precipitation, respectively. 𝑉𝑔𝑙𝑐 denotes glacier meltwater ratio 
in volume. Subscripts obs, sim, and ngl denote observation, simulation and simulation with no-glacier configuration, respectively.
 Station ANRobs ANRsim 𝐸𝑁𝑁𝑆 GMWsim 𝑉𝑔𝑙𝑐 ANRngl SAT APR  
 code (m3 s−1) (m3 s−1) (m3 s−1) (%) (m3 s−1) (◦C) (mm)  
 TsT 9.76 ± 4.04 5.46 ± 0.57 0.78 ± 0.33 4.01 ± 0.59 73.27 ± 6.65 1.16 ± 0.33 5.57 ± 0.79 485 ± 43 
 SoK 4.06 ± 1.24 3.44 ± 0.53 0.62 ± 0.11 0.18 ± 0.03 5.34 ± 1.23 3.25 ± 0.53 7.84 ± 0.78 382 ± 44 
 KhA 2.98 ± 0.84 2.49 ± 0.37 0.67 ± 0.10 0.00 0.00 2.49 ± 0.37 8.42 ± 0.78 405 ± 39 
 SaB 15.77 ± 4.78 16.02 ± 1.70 0.76 ± 0.20 3.33 ± 0.37 20.99 ± 3.26 12.62 ± 1.71 9.05 ± 0.77 383 ± 39 
 TuS 2.53 ± 0.67 2.89 ± 0.25 0.62 ± 0.19 0.72 ± 0.08 25.01 ± 3.29 2.14 ± 0.24 9.90 ± 0.77 293 ± 40 
 KhU 59.49 ± 11.09 56.17 ± 6.56 0.89 ± 0.06 17.90 ± 2.47 32.25 ± 5.56 37.86 ± 6.69 9.72 ± 0.76 357 ± 38 
 KhB 63.44 ± 16.99 65.59 ± 6.95 0.86 ± 0.17 16.96 ± 2.22 26.13 ± 4.29 48.54 ± 7.16 10.81 ± 0.76 339 ± 39 
 UaE 0.34 ± 0.06 0.23 ± 0.06 0.78 ± 0.07 0.19 ± 0.06 83.31 ± 6.52 0.03 ± 0.01 3.35 ± 0.81 493 ± 73 
 NaO 1.58 ± 0.62 1.52 ± 0.30 0.68 ± 0.14 0.16 ± 0.05 10.88 ± 4.54 1.36 ± 0.32 9.64 ± 0.82 535 ± 79 
 ChD 3.40 ± 0.84 2.51 ± 0.37 0.70 ± 0.10 0.51 ± 0.07 20.60 ± 3.59 1.99 ± 0.35 8.92 ± 0.78 336 ± 33 
 GaD 3.35 ± 0.82 3.16 ± 0.44 0.70 ± 0.12 0.53 ± 0.07 17.10 ± 2.89 2.62 ± 0.42 8.91 ± 0.78 345 ± 35 
 BuD 1.71 ± 0.63 1.30 ± 0.12 0.67 ± 0.19 0.32 ± 0.05 24.80 ± 3.10 0.98 ± 0.10 9.63 ± 0.77 305 ± 34 
 BuK 7.67 ± 2.05 8.56 ± 0.99 0.67 ± 0.27 1.43 ± 0.18 16.84 ± 2.47 7.09 ± 0.94 10.20 ± 0.79 315 ± 35 
 KhM 85.83 ± 16.75 82.48 ± 8.29 0.87 ± 0.07 20.95 ± 3.00 25.59 ± 4.12 61.37 ± 8.32 11.35 ± 0.77 327 ± 37 
 DuM 1.81 ± 0.59 1.90 ± 0.15 0.71 ± 0.17 0.73 ± 0.10 38.17 ± 3.67 1.17 ± 0.10 8.25 ± 0.8 319 ± 45 
 DoM 1.08 ± 0.51 0.94 ± 0.07 0.71 ± 0.17 0.35 ± 0.05 36.63 ± 3.82 0.59 ± 0.05 7.99 ± 0.8 315 ± 44 
 ToM 3.38 ± 0.85 3.30 ± 0.26 0.632 ± 0.105 0.73 ± 0.10 22.19 ± 2.84 2.56 ± 0.23 10.89 ± 0.82 313 ± 47 
 KhS 3.04 ± 0.69 2.98 ± 0.42 0.732 ± 0.073 0.55 ± 0.13 18.93 ± 5.42 2.46 ± 0.45 10.40 ± 0.77 462 ± 57 
 TuT 2.30 ± 0.83 2.36 ± 0.50 0.682 ± 0.260 0.19 ± 0.05 8.45 ± 3.34 2.17 ± 0.52 10.73 ± 0.79 589 ± 82 
 KhT 4.60 ± 1.24 4.39 ± 0.75 0.791 ± 0.258 0.53 ± 0.15 12.73 ± 4.97 3.85 ± 0.81 9.05 ± 0.8 749 ± 97 
 KgT 0.91 ± 0.50 1.11 ± 0.28 0.547 ± 0.219 0.00 0.00 1.11 ± 0.28 12.93 ± 0.94 372 ± 66 
 BaB 1.89 ± 1.02 1.72 ± 0.45 0.546 ± 0.278 0.00 0.00 1.72 ± 0.45 14.70 ± 0.93 395 ± 70 
 TbU 14.38 ± 6.42 14.09 ± 2.19 0.61 ± 0.28 0.00 0.00 14.09 ± 2.19 13.30 ± 0.91 378 ± 59 
 YaY 2.33 ± 0.37 0.93 ± 0.23 0.53 ± 0.05 0.00 0.00 0.93 ± 0.23 12.41 ± 0.93 374 ± 66 
 ChU 2.84 ± 1.37 2.44 ± 0.64 0.57 ± 0.09 0.03 ± 0.01 1.41 ± 0.48 2.40 ± 0.64 10.65 ± 0.91 395 ± 70 
 BoU 8.47 ± 4.34 7.27 ± 1.95 0.56 ± 0.17 0.07 ± 0.02 1.02 ± 0.36 7.19 ± 1.95 11.01 ± 0.92 387 ± 70 
 SuG 1.02 ± 0.85 1.10 ± 0.14 0.50 ± 0.31 0.00 0.00 1.10 ± 0.14 10.33 ± 0.86 305 ± 61 
 BuO 7.29 ± 5.25 6.35 ± 0.94 0.60 ± 0.26 0.01 ± 0.00 0.14 ± 0.04 6.34 ± 0.94 9.92 ± 0.87 327 ± 56 
 ZaG 12.74 ± 6.36 7.27 ± 1.09 0.55 ± 0.11 0.01 ± 0.00 0.10 ± 0.03 7.26 ± 1.09 10.79 ± 0.88 303 ± 55 
 ZaD 20.07 ± 10.88 17.90 ± 3.11 0.60 ± 0.24 0.02 ± 0.01 0.12 ± 0.04 18.03 ± 3.12 14.03 ± 0.91 264 ± 53 

Fig.  6 shows the relationships of runoff indices (GMW contribution, coefficient of variation (CV) of the annual runoff, and runoff 
coefficient (RC)) against the glacier area ratio at all stations (data listed in Tables 3 and S1). If the glaciers were in equilibrium 
(in terms of mass balance) and the amount of precipitation was constant at given elevation, then the GMW contribution should be 
either approximately equal to the glacier area ratio (plotted as the one-to-one line in Fig.  6a) or less due to evaporation. The power 
functional relationship in the figure suggests that glaciers at higher elevations receive much more precipitation and consequently 
provide more meltwater due to their long-lasting negative mass balance (Khalzan et al., 2022). Fig.  6b shows coefficient of variation 
(CV) of annual runoff, which is obtained by the standard deviation of annual runoff divided by its long-term mean (both for the 
21 years), against the glacier area ratio. Observation-based (CVobs) and simulated (CVsim) CVs decrease with the glacier area ratio. 
A CV of the non-glacier configuration (CVngl) seems independent from the glacier area ratio (practically zero for all catchments). 
The difference between CVsim and CVngl indicates the role of GMW for inter-annual variability of river runoff. Fig.  6c shows the 
runoff coefficient (RC), which is obtained by the area averaged runoff depth divided by annual precipitation, against the glacier 
area ratio. The large differences between RCsim and RCngl along the glacier area ratio suggests that only 10% of precipitation could 
be available for the river runoff if no glacier exists due to the arid environment, and the large part of the river runoff is supplied 
as GMW in western Mongolia.

3.4. Controlling factors of glacier-affected river runoff

We simulated multiple basins with different glacier contributions, ranging from glacier-free basins to those with a glacier area 
ratio of up to 10% and a volume-based GMW contribution of 83% at Ulaan am Erdeneburen station (UaE). Here we investigate how 
these differences in glacier contribution affect the relationship between meteorological factors (temperature and precipitation) and 
annual fluctuations in river runoff by analyzing the correlations among these parameters and the impact of extreme events.

3.4.1. Interannual variability
We first obtained the annual mean of the mean summer temperature and annual amount of precipitation for each simulated basin 

from the ERA5-calibrated daily temperature and precipitation data. The number of grid cells of the targeted catchment (30-arc-sec 
or 1-km resolution) that were included in an input forcing grid cell (5-arc-min or 10-km resolution) were counted and then weighted 
during the averaging procedure. We then calculated the correlation coefficients between the meteorological forcing (mean summer 
temperature and annual precipitation) and the annual runoff. For the observational data, we selected the nearest meteorological 
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Fig. 4. Seasonal patterns of observational (black) and simulated (blue) daily runoff at the 30 hydrological stations in western Mongolia. Purple and brown lines 
denote glacier meltwater (GMW) and runoff without glacier configuration, respectively. 𝐸𝑁𝑁𝑆 , 𝐴𝑔𝑙𝑐 , and 𝑉𝑔𝑙𝑐 denote the normalized Nash–Sutcliffe efficiency, 
glacier area ratio (%), and GMW contribution (%), respectively.

station for each hydrological station, and then obtained the correlation coefficients (Table S2). The corresponding meteorological 
and hydrological stations are also summarized in the table.

Fig.  7 shows that the glacier-free catchments do not exhibit a correlation between mean summer temperature or annual 
precipitation and river runoff. However, the runoff in the catchments where the GMW contribution is <20% shows highly negative 
correlations to mean summer temperature (Fig.  7a) and positive ones to annual precipitation (Fig.  7b), respectively. Increasing 
GMW contribution causes the correlations to increase toward positive correlations with mean summer temperature and to decrease 
toward no correlation with annual precipitation (Fig.  7a and b). The correlations among the observational data exhibit a similar 
relationship to that of the simulations with annual precipitation (Fig.  7d), whereas that with mean summer temperature is unclear 
(Fig.  7c).

A positive correlation is generally expected between precipitation and runoff in glacier-free catchments. Furthermore, the mean 
summer temperature is expected to have a negative correlation with runoff through evaporation. However, glaciers yield an opposite 
response. More GMW is generated as the temperature increases, whereas an increase in precipitation would suppress surface melting 
by changing the surface heat balance due to high-albedo snow. The relationships shown in Fig.  7 support these opposite processes in 
glacierized and glacier-free catchments. Unlike the above explanation, the runoff response to precipitation seems unclear in glacier-
affected catchments, except for the largest catchment. This unclear contribution of the glacier response to precipitation might reflect 
the fact that in a sufficiently warm environment, most of the precipitation falls as rain, which is not expected to suppress melting. 
This interpretation is supported by the results of a previous study of four Mongolian glaciers, whereby the correlations between 
mean summer temperature and glacier mass balance were very high (–0.87 to –0.96), whereas those between annual precipitation 
and glacier mass balance were moderate (0.54 to 0.78) (Khalzan et al., 2022). Of note, these correlations are with regard to glacier 
mass balance, such that the signs of the correlations are the opposite to those with GMW. The relationship between the correlation 
coefficient and GMW contribution is rather unclear among the observational data (Fig.  7c and d). This may be due to the temperature 
and precipitation observations being point data from a nearby station, such that their spatial variabilities in the catchment are not 
taken into account.

3.4.2. Extreme cases
We first calculated the runoff anomalies for the three most extreme years based on annual precipitation and mean summer 

temperature, which were normalized by dividing by the interannual variability (standard deviation) in each parameter. We also 
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Fig. 5. (a) Normalized Nash–Sutcliffe efficiency (𝐸𝑁𝑁𝑆 ) and (b) volume-based glacier meltwater contribution to river runoff (𝑉𝑔𝑙𝑐 ) at the 30 hydrological stations 
in western Mongolia.

calculated the corresponding annual runoff anomalies, and then quantitatively evaluated how fluctuations in the forcing variables 
affect river runoff (data listed in Table S3).

Fig.  8a and b show the runoff responses to precipitation extremes. Many catchments received about 1.7𝜎 more precipitation 
during the three wettest years (Fig.  8a), whereas they received about 1.4𝜎 less precipitation during the three driest years (Fig. 
8b). This is probably because western Mongolia has an arid climate. The runoff anomalies are not significant in the glacier-free 
10 
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Fig. 6. Relationships of (a) volume-based glacier meltwater contribution (Vglc), (b) coefficient of variation of the annual runoff (CV), and (c) runoff coefficient 
(RC) against glacier area ratio (Aglc) and of the 30 catchments in western Mongolia. Subscripts glc, obs, sim, ngl, and prv denote glacier, observation, simulation, 
simulation with no-glacier configuration, and previous study by Zhang et al. (2016b), respectively. Data for the figure are listed in Table  3 and S1.

�

�

Fig. 7. Correlation coefficients of the annual runoff to (a) and (c) mean summer temperature (SAT), and (b) and (d) annual precipitation (APR) against the 
glacier meltwater contribution (Vglc) in terms of (a) and (b) simulation and ERA5, and (c) and (d) observational data at the 30 catchments in western Mongolia. 
For obtaining the fitting curves, data with Vglc < 2% were excluded. Values are listed in Table S2.

catchments. However, with increasing GMW contribution, the runoff anomaly tends to respond oppositely to the precipitation 
anomalies for both wet and dry extremes.

Fig.  8c and d show the effects of the temperature extremes. Under the warming situation (e.g. Cai et al., 2024), the mean summer 
temperature was 1.7𝜎 colder during the three coldest summers (Fig.  8c) and 1.4𝜎 warmer during the three warmest summers (Fig. 
8d). The runoff responses are equivocal in the glacier-free catchments, as in the cases of extreme precipitation anomalies. Increasing 
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Fig. 8. Normalized anomaly of annual runoff (R), annual precipitation (APR), and mean summer temperature (SAT) in the extreme three years of (a) wet, (b) 
dry, (c) cold, and (d) warm for the 30 catchments in western Mongolia. For obtaining the fitting curves, data with Vglc < 2% were excluded. Values are listed 
in Table S3.

GMW contribution leads to a shift in the runoff anomaly during a cold anomaly from positive to negative (Fig.  8c), while it is unclear 
for the warm extremes (Fig.  8d).

4. Discussion

In glacier affected catchments, the GMW increases from May and contributes to sustain the river runoff from July to August 
(Fig.  4). This has been pointed out by Pan et al. (2019) though no quantitative evaluation was given. Considering the decrease in 
seasonal snow as a result of global warming, which is not considered in the simulation, it is expected that the peak runoff would 
decrease and the peak timing would appear earlier in the coming decades.

The estimated contribution of GMW to river runoff at Khovd Ulgii station (KhU) was 32.25% ± 5.56% in this study, which is 
much higher than the estimate of 8%–18% by the only previous study that evaluated the contribution of GMW to river runoff in 
western Mongolia (Pan et al., 2019). Pan et al. (2019) assumed a mass-balance gradient of 5.0 m water equivalent (w.e.) km−1, 
whereas (Khalzan et al., 2022) proposed a physically estimated gradient of 6.4 m w.e. km−1. Furthermore, Khalzan et al. (2022) 
noted and incorporated the high precipitation gradient with increasing elevation (40% km−1), which was not considered by Pan 
et al. (2019).

For all panels of Fig.  6, power functional fitting curves reported in a previous study for glacierized catchments in Tien Shan are 
depicted (Zhang et al., 2016b). This study was selected for comparison because the Tien Shan region is geographically close to, and 
has a similar climate to, western Mongolia. In addition, Zhang et al. (2016b) simulated multiple catchments, making it suitable for 
comparing the characteristics of glacier meltwater contributions. The fitting curves suggest that the GMW contribution in western 
Mongolia is much greater than that calculated for the 24 catchments in Tien Shan (Fig.  6a). The coefficients of determination (R2) 
for the coefficient of variations (CVobs and CVsim) are worse than that of Zhang et al. (2016b) (Fig.  6b), probably because Zhang 
et al. (2016b) calibrated their runoff parameters to fit the observed runoff. The runoff coefficient of this study (RCsim) is less than 
that of Zhang et al. (2016b) (Fig.  6c), probably due to more arid environment in western Mongolia than that in Tien Shan.

The precipitation parameter is determined as a single value at each station (Fig.  3) and then a spatially fixed value. It means that 
the simulated interannual variabilities in runoff in glacier-free catchment are basically due to the interannual variability in ERA5 
precipitation. The power functional fitting curve for CV (Fig.  6b) suggests that glaciers would contribute to suppress the interannual 
variability of river runoff through supplying more meltwater during the dry condition and vice versa. Similarly, the responses of 
runoff to precipitation and temperature extremes are explainable by those of glaciers; more meltwater in arid and warmer conditions 
12 
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and vice versa (Fig.  8). These analyses suggest that the presence of glaciers could mitigate the deficit in river runoff by supplying 
meltwater during drought conditions and thus suppress the interannual variability of river runoff (e.g. Zhang et al., 2016b; Pritchard, 
2019).

The temporal changes in runoff show that the simulation does not well reproduce the long-term trend and intermittent large 
runoff events (Figures S3 and S4), probably because the ERA5 precipitation would not have good representativeness in this region 
for both long-term trend and events. The continuous shrinking glaciers could also affect the trend (Pan et al., 2019). However, 
the uncertainty in the GMW estimate is much greater than the glacier area change. In our simulations, accumulation, seasonal 
snowmelt, and the influence of permafrost on basal flow, which are not calibrated to the studied catchments, may explain the poor 
reproducibility of runoff in the glacier-free catchments.

5. Conclusions

This study is the first to undertake modeling of glacier-fed rivers in Mongolia using physically based models. We used the 
temperature and precipitation data from 28 meteorological stations across western Mongolia to calibrate the ERA5 reanalysis data 
and the runoff data from 30 hydrological stations to validate the simulated runoffs. There was a high reproducibility of the simulated 
runoffs in the Khovd River basin, which holds many glaciers, compared with the simulated runoffs in the Uvs Lake and Zavkhan 
River basins, where fewer glaciers are present. We consider the lack of permafrost-related hydrology in the models as one of the 
causes of the poorer reproducibility in the latter two basins. The volume-based glacier meltwater contributions were significantly 
larger than the glacier-area-based contributions, which suggests additional water supply from the shrinking glaciers and greater 
precipitation at higher elevations. Correlation analyses regarding the effects of air temperature and precipitation on river runoff 
were also conducted for the glacierized and glacier-free basins. Warming contributed to increased runoff in glacier-fed basins, and 
reduced runoff in glacier-free basins. Conversely, drought contributed to reduced runoff in glacier-free basins, whereas it could 
potentially increase glacier meltwater and consequently compensate for the decreased runoff in glacierized basins.

The results show that glaciers can modulate the response of river flow to climate change. These results provide a scientific 
basis for implementing integrated water resources management, including mitigation and adaptation plans for water resources, 
and gaining important insights into the hydrological dynamics of the region. Furthermore, the presented simulation scheme can 
be employed to evaluate changes in river runoff for future climate-change scenarios. This study highlights the need to further 
improve existing land-surface process and runoff models, as well as expand the network of meteorological, hydrological, and glacier 
observations, to better guide water resources management in a warming climate. On the other hand, it should be noted that the 
utilization of three distinct numerical models in this study introduced inherent limitations in computational efficiency, predictive 
accuracy, and comprehensive system-level analysis. To unveil critical synergistic effects between subsystems, further investigation 
for employing an integrated modeling framework is needed.
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Figure S5: Simulated (Bsim) and remotely sensed geodetic (Bgeod) mass balance of 652
glaciers in western Mongolia averaged for the period 2000-2020. Bgeod are adopted from
Hugonnet et al. (2021). Purple line denotes a linear regression (R2 = 0.027, p < 10–4).
Black circle with error cross denotes the area-weighted mean and their standard deviation
(1σ) for all glaciers.
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