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Abstract 24 

High Mountain Asia (HMA) contains the largest concentration of glaciers outside 25 

the polar regions and is vital in sustaining downstream water resources. However, 26 

glacier responses to climate change across HMA exhibit pronounced spatial and 27 

temporal heterogeneity, the drivers of which remain insufficiently understood. Using 28 

the Open Global Glacier Model (OGGM), we reconstructed glacier mass balance, 29 

volume changes, and runoff variations from 1980 to 2019, and further assessed regional 30 

glacier sensitivity to temperature and precipitation through perturbation experiments. 31 

The results reveal that glacier mass loss accelerated notably after 2000, indicating a 32 

clear phase shift. Glacier volume changes display a clear west-to-east zonation, with 33 

volume gains in the western regions, initial increases followed by decreases in the 34 

central regions, and continuous loss in the eastern regions. Annual glacier runoff 35 

increased across most basins, accompanied by declining contributions in July and 36 

August, and a corresponding rise in June and September, reflecting a shift in meltwater 37 

production timing. Sensitivity analysis revealed that the strongest temperature 38 

sensitivity occurs in the southeastern HMA, while the highest precipitation sensitivity 39 

is observed in the southern areas. The combination of intensified post-2000 warming 40 

and regionally divergent climate sensitivities explains the acceleration and 41 

heterogeneity of glacier loss. These findings provide insights into the temporally phased 42 

and spatially heterogeneous glacier-climate interactions in HMA, with important 43 

implications for future regional climate adaptation. 44 

Keywords: 45 

Glacier mass balance, glacier volume changes, post-2000 acceleration, climate 46 

sensitivity, High Mountain Asia, OGGM 47 
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1. Introduction 49 

High Mountain Asia (HMA) hosts the largest concentration of glaciers outside the 50 

polar regions, with over 95,000 glaciers covering approximately 97,000 km² (RGI 51 

Consortium, 2017), mainly distributed across the Pamir, Karakoram and Himalaya, 52 

(Nie et al., 2021). These glaciers act as critical freshwater reservoirs, regulating runoff 53 

and sustaining major Asian rivers, such as the Indus, Ganges, Brahmaputra, Yellow 54 

River, and Yangtze River (Farinotti et al., 2019; Immerzeel et al., 2020; Pritchard, 2019). 55 

However, under intensified global warming, glaciers across HMA are undergoing 56 

widespread and rapid changes, affecting both mountain ecosystems and downstream 57 

socio-economic systems through altered seasonal water availability (Miles et al., 2021; 58 

Pritchard, 2019). 59 

Globally, glacier mass loss has accelerated since the early 21st century, primarily 60 

driven by climate warming (Hugonnet et al., 2021). This global acceleration is also 61 

reflected in many mountain regions worldwide. For instance, glaciers in the European 62 

Alps and Alaska have experienced substantial mass loss and volume decline in recent 63 

decades (Wouters et al., 2019; Zemp et al., 2019). In the southern Andes, glacier mass 64 

loss has been substantial over the past two decades, with an accelerated shift to strongly 65 

negative balances in recent years that coincided with prolonged and severe drought 66 

conditions (Dussaillant et al., 2019). A notable exception occurs in New Zealand, where 67 

several glaciers advanced during recent decades in response to short-term cooling 68 

events rather than increased precipitation (Mackintosh et al., 2018). These studies 69 

highlight the strong sensitivity of glacier systems to climatic forcing, underscoring the 70 

importance of assessing regional variations in glacier climate interactions (Nie et al., 71 

2021). Within this global context, HMA stands out as one of the regions experiencing 72 

the most rapid glacier changes, making it essential to understand how its glaciers 73 
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respond to ongoing climatic forcing. 74 

In HMA, recent annual warming rate over recent decades has significantly 75 

exceeded the global average, accompanied by notable changes in precipitation regimes 76 

(Yang et al., 2014; Yao et al., 2022; You et al., 2020). These rapid adjustments in the 77 

climate system directly influence glacier mass balance, leading to widespread glacier 78 

retreat and mass loss across this region (Hugonnet et al., 2021; Shean et al., 2020). Both 79 

remote sensing and in-situ observations indicate that the most glaciers in the HMA 80 

region exhibit negative mass balances (Brun et al., 2017; Hugonnet et al., 2021). 81 

Glaciers in HMA are particularly sensitive to temperature changes, with rising summer 82 

temperatures significantly enhancing melt processes (Bhattacharya et al., 2021). 83 

Although increased precipitation under certain temperature conditions can partially 84 

offset glacier mass loss, this compensatory effect remains spatially heterogeneous 85 

(Marzeion et al., 2014; Sakai and Fujita, 2017).  86 

Despite the overall retreat, the response of HMA glaciers to climate change exhibits 87 

marked regional heterogeneity. In western regions, such as the Karakoram, glaciers 88 

have shown stable or even slightly positive mass balances in recent decades, a 89 

phenomenon referred to as the ‘Karakoram Anomaly’ (Arndt & Schneider, 2023; 90 

Farinotti et al., 2020; Lhakpa et al., 2022). In contrast, glaciers in the eastern and 91 

southern HMA, such as the Hengduan Shan and the eastern Himalayas, have 92 

experienced rapid mass loss and volume decline, making them among the most severely 93 

affected regions (Bolch et al., 2019; Shean et al., 2020). While these spatial contrasts 94 

are primarily attributed to the interplay of regional climate systems (westerlies, Indian 95 

monsoon, and east Asian monsoon), and glacier characteristics (Bolch et al., 2012; 96 

Sakai and Fujita, 2017), a systematic quantification of how glaciers in these distinct 97 

regimes differentially respond to climate drivers is still lacking. Specifically, it remains 98 
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unclear to what extent the observed heterogeneity is driven by varying sensitivities to 99 

temperature versus precipitation anomalies across the vast HMA region. Clarifying the 100 

relative roles of these competing drivers through systematic identification and 101 

quantification of spatiotemporal variability is crucial for improving our understanding 102 

of glacier responses to future climate change. 103 

Traditional approaches to studying glacier changes include in-situ glaciological 104 

measurements, geodetic assessments using multi-temporal DEMs, and numerical 105 

model simulations. While glaciological records offer high accuracy, their sparse spatial 106 

coverage, especially in HMA, limits their representativeness (Zemp et al., 2015). 107 

Geodetic methods enable large-scale assessments but are constrained by resolution and 108 

temporal gaps (Paul et al., 2013). Numerical models, such as the Global Glacier 109 

Evolution Model (GloGEM) (Huss and Hock, 2015), Open Global Glacier Model 110 

(OGGM) (Maussion et al., 2019), and Open-Source Python Glacier Evolution Model 111 

(PyGEM) (Rounce et al., 2020), provide dynamic reconstructions across spatial and 112 

temporal scales and have become increasingly important tools for investigating glacier-113 

climate interactions. However, while these models are increasingly used for mass 114 

balance reconstruction and projection, few studies have leveraged them to conduct 115 

systematic perturbation experiments to isolate the specific sensitivities of glaciers to 116 

temperature and precipitation anomalies across HMA. 117 

Building upon recent modeling advances and addressing this need for mechanistic 118 

understanding, this study applies OGGM to reconstruct glacier mass balance, volume 119 

changes, and runoff dynamics across HMA from 1980 to 2019. Crucially, we conduct 120 

temperature and precipitation perturbation experiments to evaluate regional differences 121 

in climate sensitivity. Through this approach, the study aims to: (1) provide a long-term 122 

assessment of glacier mass balance and volume change across HMA; (2) quantify the 123 
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spatiotemporal evolution of glacier runoff; (3) elucidate regional differences in glacier 124 

sensitivity to temperature and precipitation. 125 

 126 

2. Materials and methods 127 

2.1 Study region and dataset 128 

2.1.1 Study region 129 

This study focuses on the HMA region, encompassing three regions: Central Asia, 130 

Western South Asia, and Eastern South Asia. Geographically, the study domain extends 131 

from 65°E to 105°E and from 26°N to 46°N (Figure 1), covering key mountain ranges 132 

including the Pamirs, Tien Shan, Kunlun Shan, Karakoram, Himalayas, and Hengduan 133 

Shan. The region is characterized by complex terrain, substantial elevation gradients, 134 

and highly diverse climate systems. Glaciers in HMA contribute significantly to 135 

regional hydrology and are subject to markedly different climatic regimes (Yao et al., 136 

2012). This region plays a critical role in sustaining water resources for downstream 137 

populations, particularly in arid and semi-arid basins that depend heavily on glacier 138 

meltwater (Immerzeel et al., 2010). In addition, its pronounced spatial contrasts in the 139 

interactions between glaciers and climate provide an ideal setting for examining how 140 

glaciers respond differently to temperature and precipitation variability (Kääb et al., 141 

2012). 142 

In the western part, glacier accumulation is predominantly influenced by the 143 

westerlies. For example, in the western Himalayas and the Karakoram, 60~70% of 144 

annual snowfall originates from mid-latitude westerly disturbances (Bolch et al., 2012; 145 

Cannon, 2025; Kapnick et al., 2014; Maussion et al., 2014). In contrast, the eastern 146 

Himalayas are strongly affected by the Indian monsoon (Bookhagen and Burbank, 147 

2006), while the Hengduan Shan is mainly influenced by the East Asia monsoon (Shean 148 
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et al., 2020). These diverse climatic regimes directly influence regional differences in 149 

glacier accumulation and ablation. Assessing the full HMA domain therefore enables a 150 

consistent comparison across these contrasting climate zones, which is essential for 151 

understanding the spatial heterogeneity of glacier change. 152 

 153 

Figure 1. Study region and major climatic influences in the HMA. 154 

2.1.2 Dataset 155 

This study employs the GSWP3 W5E5 climate dataset as the climate forcing to 156 

drive the OGGM model. This dataset is provided by the ISIMIP 3b (Inter-Sectoral 157 

Impact Model Intercomparison Project Phase 3b) project (Lange, 2019), with a spatial 158 

resolution of 0.5°. The W5E5 dataset combines ERA5 reanalysis with WFDE5 bias-159 

adjusted data, providing consistent and high-quality near-surface climate variables 160 

(Cucchi et al., 2020). It offers continuous long-term records of temperature and 161 

precipitation and has been widely used in glacier modeling, hydrology, and climate 162 

impact assessments due to its broad spatial coverage and reliability. For each glacier, 163 

the nearest meteorological grid point is selected based on geographic coordinates. 164 

Temperature adjustments were made using a vertical lapse rate of 0.65°C per 100 meters, 165 
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while precipitation was calibrated using a precipitation correction factor Pf, ultimately 166 

obtaining temperature and precipitation for each glacier (Huss and Hock, 2015; 167 

Maussion et al., 2019). Although temperature lapse rates vary across space and seasons 168 

in mountain regions (Oulkar et al., 2024), the use of a constant lapse rate remains 169 

common practice in global and regional glacier modeling because long-term and large-170 

scale observations are limited (Huss and Hock 2018; Rounce et al., 2020). In addition, 171 

the mass balance module in OGGM incorporates a calibrated temperature bias, which 172 

helps compensate for this limitation to some extent. Detailed explanations of these 173 

adjustments can be found on the OGGM website (https://oggm.org). For the analysis of 174 

climate trends, this study incorporates the CRU V4 (Harris et al., 2020) and MERRA-175 

2 (Gelaro et al., 2017) datasets in addition to W5E5, in order to reduce biases associated 176 

with any single climate product. Both datasets have a monthly temporal resolution, with 177 

spatial resolutions of 0.5° × 0.5° and 0.5° × 0.625°, respectively. CRU V4 is a gridded 178 

climate dataset derived from station observations, providing long-term records and 179 

widely applied in studies of mountain climate and glacier mass balance (Wang et al., 180 

2019). MERRA-2 is a physically consistent reanalysis product that assimilates a broad 181 

range of observations and has been extensively evaluated for land-surface hydrology 182 

and precipitation, showing reasonable performance for hydro-climatic applications 183 

(Chen et al., 2019; Gelaro et al., 2017). The inclusion of these complementary datasets 184 

enhances the robustness of regional climate estimates and reduces uncertainties linked 185 

to any single climate product. A bilinear interpolation method is applied to resample all 186 

datasets to a uniform spatial resolution of 0.5°. Subsequently, an ensemble means of the 187 

GSWP3 W5E5, CRU V4, and MERRA-2 datasets is computed and used for analyzing 188 

regional climate trends.  189 

Glacier boundary data are obtained from the RGI 6.0 (RGI Consortium, 2017), 190 

https://oggm.org/
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compiled by the Global Land Ice Measurements from Space (GLIMS) project. The RGI 191 

dataset is used to initialize glaciers in the OGGM model provide the regional divisions 192 

used in this study. The HMA region is divided into three first-order regions and fifteen 193 

second-order subregions, as shown in Figure 1. Elevation data required for the 194 

simulation are derived from the Shuttle Radar Topography Mission (SRTM), with a 195 

spatial resolution of 90 m, and are used to calculate glacier surface slopes and flow 196 

paths. The GTOPO30 dataset (https://www.usgs.gov/), with a spatial resolution of 197 

approximately 1 km, is used only to generate mountain shadows as background for map 198 

visualization. 199 

2.2 Open global glacier model 200 

The OGGM model is a modular, and open-source numerical model capable of 201 

dynamically simulating historical and future glacier changes worldwide. It incorporates 202 

glacier dynamics processes and has strong adaptability to various climate datasets. It 203 

has been extensively applied and validated in regional and global studies in glacier mass 204 

balance, volume, and runoff estimation (Afzal et al., 2023; Zekollari et al., 2024; Zhao 205 

et al., 2023). This study uses the updated version, OGGM v1.6.2. The model comprises 206 

two core modules, namely the mass balance module and the glacier geometry evolution 207 

module. In OGGM, glacier geometries are represented using a flowline approach, in 208 

which glacier centerlines are identified based on RGI glacier outlines and topography 209 

following the algorithm of Kienholz et al. (2014). For glaciers with multiple tributaries, 210 

the geometry is simplified into a set of connected flowlines, where tributary flowlines 211 

route ice mass to a downstream main flowline at predefined junction points (Maussion 212 

et al., 2019). The key equation for the mass balance module is as follows: 213 𝑀𝑖(𝑧) = 𝑝𝑓𝑃𝑖𝑆𝑜𝑙𝑖𝑑(𝑧) − 𝜇 max(𝑇𝑖(𝑧) − 𝑇𝑚𝑒𝑙𝑡, 0) + 𝜀         (1) 214 

where 𝑀𝑖(𝑧) is monthly mass balance at elevation z (mm w. e.); 𝑧 is the elevation (m); 215 
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𝑝𝑓  represents precipitation correction factor; 𝑃𝑖𝑆𝑜𝑙𝑖𝑑(𝑧)  represents monthly solid 216 

precipitation at elevation 𝑧; 𝜇 represents temperature sensitivity factor (Hock, 2003); 217 𝑇𝑖(𝑧)  represents monthly mean temperature (℃); 𝑇𝑚𝑒𝑙𝑡  represents melt threshold 218 

temperature (℃), 𝜀 represents a residual term. 219 

The core equation of the glacier geometry evolution module is as follows: 220 

𝜕𝑆𝜕𝑡 = 𝜔𝑀 − ∇ ∙ 𝑞                             (2) 221 

where S is the cross-sectional area at a point perpendicular to the glacier flowline; ω is 222 

the width along the glacier flowline; M represents the glacier mass balance, which is 223 

evaluated at each flowline grid point and is related to local elevation; 𝑞 = 𝑣 ∙ 𝑆is the 224 

ice flux; and 𝑣 is the ice flow velocity. The velocity 𝑣 is calculated based on Glen’s 225 

flow law, expressed as: 226 𝑣 = 𝑣𝑑 + 𝑣𝑠 = 𝑓𝑑ℎ𝜏𝑛 + 𝑓𝑠 𝜏𝑛ℎ                    (3) 227 

Where 𝑣𝑑  and 𝑣𝑠  are the deformation and sliding components of glacier velocity, 228 

respectively (𝑛 = 3); 𝑓𝑠 is a dimensionless scaling parameter; 𝑓𝑑 is the deformation 229 

factor; 𝜏 is the shear stress; and ℎ is the ice thickness (m); The factor 𝑓𝑑 is related 230 

to Glen’s flow parameter A by: 231 

 𝑓𝑑 = 2𝐴𝑛+2                              (4) 232 

The shear stress 𝜏 depends on the basal geometry of the glacier. Here, it is assumed to 233 

equal the driving stress 𝜏𝑑 which is computed as: 234 𝜏𝑑 = 𝛼 ∙ 𝜌 ∙ 𝑔 ∙ ℎ                        (5) 235 

Where 𝛼 is the slope of the glacier flowline; 𝜌 is the density of ice (0.9 g·cm⁻³); 236 𝑔 is the gravitational acceleration (980 cm·s⁻²). 237 

Glacier runoff in OGGM is defined as the amount of water leaving the glacier 238 

initialization area, including both meltwater from glaciers and rainfall contributions 239 
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within the glacier area (Huss and Hock, 2018; Maussion et al., 2019). As glaciers retreat, 240 

ice-free zones may expand, but are still included in glacier runoff calculations. 241 

Specifically, it comprises four components: on-glacier melt, off-glacier melt, on-glacier 242 

rainfall, and off-glacier rainfall. The total glacier runoff R can be expressed as: 243 𝑅𝑢𝑛𝑜𝑓𝑓 = 𝑀𝑜𝑛 + 𝑀𝑜𝑓𝑓 + 𝑃𝑜𝑛𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑃𝑜𝑓𝑓𝑙𝑖𝑞𝑢𝑖𝑑                 (6) 244 

where 𝑀𝑜𝑛 and 𝑀𝑜𝑓𝑓 are the meltwater contributions from on-glacier and off-glacier 245 

surfaces; 𝑃𝑜𝑛𝑙𝑖𝑞𝑢𝑖𝑑 and 𝑃𝑜𝑓𝑓𝑙𝑖𝑞𝑢𝑖𝑑 are the respective rainfall inputs.  246 

To improve simulation accuracy, the OGGM model calibrates both the mass 247 

balance module and the glacier geometry evolution module. The mass balance module 248 

involves parameters including melt factor, precipitation correction factor, temperature 249 

bias, and temperature threshold (distinguishing rainfall and snowfall). The calibration 250 

follows the three-step calibration method proposed by Huss and Hock (2015), using 251 

long-term glacier mass balance data provided by Hugonnet et al. (2021) as a reference 252 

to establish a globally applicable set of mass balance parameters. Building upon this 253 

framework, the temperature bias for RGI regions 13, 14, and 15 is further adjusted to 254 

align the regional mass balance with the consensus estimates from Zemp et al. (2019). 255 

In the glacier geometry evolution module, glacier volume estimates from Farinotti et al. 256 

(2019) are used as independent reference values to calibrate the Glen’s creep parameter 257 

(A) within the ice thickness inversion, thereby constraining the inferred ice thickness 258 

distribution.  259 

2.3 Glacier sensitivity experiments 260 

To assess regional differences in glacier responses to temperature and precipitation 261 

changes across the HMA, a series of controlled perturbation experiments were 262 

conducted using the OGGM model. In these experiments, temperature and precipitation 263 

were perturbed independently while holding the other variable constant, enabling 264 
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systematic evaluation of their isolated impacts on glacier mass balance. Temperature 265 

perturbations ranged from –1.5°C to +1.5°C in 0.25°C increments, and precipitation 266 

perturbations ranged from –30% to +30% in 5% increments. All perturbations were 267 

applied relative to the original climate forcing over the period 1980-2019. In each 268 

perturbation experiment, the model was driven by the corresponding perturbed 269 

temperature or precipitation time series over the full simulation period, while the other 270 

climate variable remained unchanged. Subsequently, the resulting glacier mass balance 271 

outputs were aggregated to compute the multi-year mean area-weighted mass balance 272 

for each subregion. Based on these results, glacier sensitivity was quantified as the slope 273 

of a linear least-squares regression between the imposed climate perturbation levels and 274 

the corresponding glacier mass balance. To facilitate comparison among the 15 275 

subregions, the sensitivity slopes were normalized using a scaling approach based on 276 

the minimum and maximum values across subregions and rescaled to a range from 0 to 277 

1. This normalization was applied separately for temperature and precipitation 278 

sensitivities and is intended to highlight relative differences in glacier sensitivity among 279 

subregions rather than absolute physical magnitudes. 280 

2.4 Statistical methods 281 

To comprehensively analyze trends in glacier mass balance and climatic variables 282 

across HMA, a suite of robust statistical methods was employed. The use of multiple 283 

analytical approaches enhances the reliability of the results and mitigates the potential 284 

bias introduced by relying on a single method. To characterize long-term trends and 285 

temporal variability in glacier mass balance and climatic variables, four analytical 286 

methods were employed. Specifically, the Mann-Kendall (MK) trend test was employed 287 

to determine the presence and statistical significance of monotonic trends (Zhang et al., 288 

2009), while linear regression analysis was used to estimate the rate and direction of 289 
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change via trend slopes. In addition, a 5-year moving average was applied to smooth 290 

the original time series and highlight medium- to long-term variability. Anomaly 291 

analysis was further conducted by standardizing deviations from the long-term mean, 292 

enabling clearer identification of interannual variability and abnormal years or events. 293 

 294 

3. Results 295 

3.1 Model validation and performance evaluation 296 

To evaluate the performance of the OGGM model in the HMA region, this study 297 

uses glacier mass balance observations provided by the World Glacier Monitoring 298 

Service (WGMS, 2025) as a reference, representing direct measurements for individual 299 

glaciers. A total of 68 glaciers in the HMA region have observational records, primarily 300 

spanning the period from 1980 to 2019. Considering that some glaciers exhibit 301 

anomalous deviations, possibly caused by data gaps, observation errors, or model 302 

inapplicability, only glaciers with at least five consecutive years of observation were 303 

selected. As a result, 59 glaciers with valid and reliable records were retained to avoid 304 

misleading assessment outcomes. These glaciers are unevenly distributed across the 305 

study area, with Central Asia containing 30 glaciers, South Asia West containing 15 306 

glaciers, and South Asia East containing 14 glaciers. A comparison between the multi-307 

year average observed mass balance and the model simulations shows a moderate 308 

agreement, with a correlation coefficient of 0.66 (Figure 2b), indicating that the model 309 

reasonably captures glacier mass balance variations.  310 

To further validate the model’s performance at the subregional level, annual glacier 311 

mass balance simulations for Central Asia, South Asia West, and South Asia East were 312 

compared with the results from Zemp et al. (2019) and Dussaillant et al. (2025). (Figure 313 

2a). Zemp et al. (2019) estimated glacier mass balance across HMA based on regional 314 
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extrapolation, while Dussaillant et al. (2024) reconstructed glacier-specific mass 315 

balance prior to 2000 by incorporating WGMS observational data. The results indicate 316 

that the simulated mass balance in Central Asia and South Asia East correlates well with 317 

Zemp et al. (2019), with correlation coefficients exceeding 0.5 (Table S1). In contrast, 318 

the correlation for South Asia West is lower (R = 0.34), likely reflecting the combined 319 

effects of limited observational data for validation, complex climatic variability at the 320 

transition between westerlies and monsoons (Madhura et al., 2014; Palazzi et al., 2013), 321 

and the high prevalence of debris-covered glaciers (Kraaijenbrink et al., 2017; Scherler 322 

et al., 2011), whose effects are not explicitly represented in OGGM. Overall, despite 323 

regional differences in correlation strength, the consistent agreement between our 324 

simulations and multiple independent datasets confirms the robustness and reliability 325 

of the OGGM model in reproducing glacier mass balance dynamics across diverse 326 

subregions of HMA. 327 

 328 

Figure 2. (a) Annual glacier mass change (m w. e. yr-1) from this study compared with 329 

results from Zemp et al. (2019) and Dussaillant et al. (2024). (b) Annual glacier mass 330 

change (m w. e. yr-1) from this study compared with WGMS, 2025. 331 

 332 

 333 
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3.2 Post-2000 acceleration and spatiotemporal variations of glacier mass balance 334 

To ensure consistency with previous studies and to provide two equal 20-year 335 

intervals for robust trend estimation, the study period was divided into two phases: 336 

1980-1999 (Period 1) and 2000-2019 (Period 2). This division facilitates a clearer 337 

comparison of temporal trends and helps identify shifts in glacier behavior between the 338 

two periods. The overall mass balance across HMA shows a statistically significant 339 

decline over the study period (P < 0.1), indicating sustained mass loss (Figure 3). More 340 

importantly, the post-2000 phase (P2) marks a notable intensification in glacier mass 341 

decline. During 1980–1999, glaciers showed slightly negative conditions with a weak 342 

and statistically insignificant positive trend. However, after 2000, the region entered a 343 

new phase characterized by a consistently negative trajectory, highlighting a transition 344 

toward accelerated mass loss (Table S2). This pattern is also captured in the 5-year 345 

moving average, which reveals a shift from mild recovery in the late 1980s to 346 

pronounced and persistent decline post-2000. 347 

 348 

Figure 3. Annual glacier mass balance and 5-year moving average from 1980 to 2019. 349 

Linear trends are shown for different periods: 1980–1999 (green dashed line), 2000–350 

2019 (orange dashed line), and the overall 1980–2019 period (red solid line). 351 
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The spatial patterns of glacier mass balance further reflect this temporal transition 352 

(Figure 4). Here, the glacier mass balance for each grid cell or subregion was obtained 353 

as an area-weighted mean of the mass balance of individual glaciers within that unit. 354 

During the entire period (1980-2019), the average glacier mass balance was –0.16 ± 355 

0.02 m w. e. yr⁻¹. However, a comparison of the two phases reveals a marked shift, with 356 

the mean mass balance declining from –0.10 ± 0.02 m w.e. yr⁻¹ in P1 to –0.30 ± 0.01 m 357 

w.e. yr⁻¹ in P2. This phase shift is particularly evident in several subregions. For 358 

example, Hissar Alay transitioned from a slight mass gain in 1980-1999 to a mass loss 359 

in 2000-2019. In contrast, the Hengduan Shan experienced severe and persistent loss, 360 

declining from –0.45 to –0.61 m w. e. yr⁻¹ over the two periods. East Tien Shan, 361 

similarly, saw mass balance drop from –0.27 to –0.52 m w. e. yr⁻¹. These examples 362 

highlight the pronounced intensification of melt, especially in eastern regions. 363 

Conversely, some western areas like the Pamir and Karakoram remained relatively 364 

stable. Subregional comparisons further illustrate a west-to-east zonation pattern, in 365 

which western regions like Hissar Alay shifted from slight accumulation to net loss, 366 

whereas southeastern regions exhibited sustained ablation throughout, reflecting 367 

intensified glacier melt under a warming climate. In addition, Figure 4a-c shows spatial 368 

averages at the 0.5° grid scale, where variations among individual grid cells reflect 369 

pronounced spatial heterogeneity in glacier mass balance. For example, while some grid 370 

cells in the Central Himalaya display slightly positive values during 1980-1999, many 371 

areas in the southeastern HMA show substantial mass loss, highlighting the pronounced 372 

spatial contrasts across the region. Although some glaciers exhibit positive mass 373 

balance during certain periods, the overall HMA region maintains a clear long-term 374 

trend of negative mass balance. 375 
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 376 

Figure 4. Spatial and temporal variations in annual glacier mass balance at 0.5° grid 377 

and subregional scales. Panels (a)-(c) show the area-weighted average annual mass 378 

balance within 0.5° grid cells for the periods 1980-1999, 2000-2019, and 1980-2019, 379 

respectively. The size of each grid point reflects the average glacier area within the cell. 380 

Panels (d)-(f) present the area-weighted average annual mass balance for the entire 381 

HMA and its subregions during 1980-2019, 1980-1999, and 2000-2019, respectively. 382 

The size of each circle represents the total glacier area within the corresponding 383 

subregion. 384 

3.3 West-to-east zonation of glacier volume change 385 

Figure 5 shows the temporal variations in glacier volume across fifteen subregions 386 

of the HMA, expressed as a percentage relative to the volume in 1980. Glacier volume 387 
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changes across the HMA exhibit pronounced regional heterogeneity, forming a clear 388 

west-to-east zonation. Specifically, glaciers in the western regions (e.g., Hissar Alay, 389 

Pamir, and West Kunlun) gained small amounts of volume. Glaciers in the central 390 

regions (e.g., West Himalaya and Central Himalaya) followed a transitional pattern, 391 

with volumes increasing until the late 1990s or early 2000s and then declining. In 392 

contrast, glaciers in the eastern regions (e.g., East Himalaya, Qilian Shan, and 393 

Hengduan Shan) lost large amounts of volume continuously throughout the study 394 

period. Additionally, the two subregions of East Tien Shan and West Tien Shan also 395 

continued to lose glacier volume. 396 

 397 
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 398 

Figure 5. Glacier volume changes in the 15 RGI subregions of High Mountain Asia. 399 

The subregions are arranged from west to east based on their centroid longitude, while 400 

East Tien Shan and West Tien Shan, due to their high latitudes, are displayed separately. 401 

Figure 6 further quantifies glacier volume changes during two periods, 1980-1999 402 

(P1) and 2000-2019 (P2). The total glacier volume in HMA decreased from 7205.50 403 

km³ to 6875.33 km³, indicating a declining trend over the past four decades. These 404 

values fall within the consensus range of 7000 ± 1800 km³ reported by Farinotti et al. 405 

(2019), which represents the most robust multi-model estimate currently available. 406 

Nevertheless, the magnitude of volume change varies considerably across regions. 407 
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Spatially, western subregions such as Hissar Alay, Pamir, and West Kunlun remained 408 

nearly stable or gained small amounts of volume during the second period. In contrast, 409 

glaciers in the eastern regions lost substantial amounts of volume. South and East Tibet, 410 

Hengduan Shan, and East Tien Shan lost approximately 23%, 20%, and 18% of their 411 

volume, respectively, making them the most strongly depleted areas. 412 

 413 

Figure 6. Glacier volume changes in the HMA and its 15 subregions during two periods. 414 

P1 represents the period 1980–1999, and P2 represents the period 2000–2019. Blue 415 

upward arrows represent an increase, while red downward arrows indicate a decrease. 416 

Thicker arrows denote a volume change exceeding 10% between the two periods. 417 

3.4 Changes in glacier runoff and monthly contribution trends 418 

Based on OGGM model simulations, this study estimated annual and monthly 419 

glacier runoff across 14 major basins in the HMA region (Figure 7). Results indicate 420 

that the Indus, Ganges, and Brahmaputra basins exhibit the highest glacier runoff, 421 

consistent with previous studies that identify these monsoon-influenced basins as the 422 

dominant meltwater contributors within HMA (Rounce et al., 2020).. These basins 423 

support extensive downstream irrigated agriculture and large populations, underscoring 424 
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the critical role of glacier meltwater in regional water security. Annual glacier runoff in 425 

the Indus and Ganges basins has significantly increased over the past four decades (P < 426 

0.05), while the Brahmaputra shows a non-significant increasing trend. Moreover, most 427 

basins across HMA display increasing trends in annual glacier runoff, suggesting an 428 

intensifying role of glacier melt in regional hydrological processes. The intra-annual 429 

distribution of glacier runoff varies between basins. In exorheic basins such as the 430 

Salween, Brahmaputra, Indus, Ganges, Mekong, Irrawaddy, Yangtze, and Yellow River, 431 

glacier runoff is primarily concentrated between June and September, with the largest 432 

monthly contributions typically occurring in July and August (Figure S1). In contrast, 433 

for endorheic basins such as the Amu Darya, Syr Darya, and Tarim Interior, peak glacier 434 

runoff occurs mainly from June to August, indicating a more temporally concentrated 435 

runoff regime. 436 

 437 

Figure 7. Annual and monthly runoff in 14 basins. The heatmap represents the temporal 438 
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variation of monthly runoff, while the black line indicates the temporal trend of annual 439 

runoff. 440 

To further investigate temporal changes in the intra-annual distribution of glacier 441 

runoff, this study compared the proportions of runoff in June, July, August, and 442 

September relative to annual totals across two periods (Figure 8). The results reveal a 443 

consistent decrease in the proportion of July and August runoff, with the most 444 

significant declines observed in arid endorheic basins such as Lake Balkash, Gobi 445 

Interior, and Amu Darya. Conversely, the proportion of June and September runoff has 446 

generally increased, with the largest increases also occurring in arid interior regions. 447 

These shifts indicate an ongoing adjustment in the intra-annual glacier meltwater 448 

distribution, characterized by an extended melt season. This transformation is likely 449 

associated with reduced glacier area and storage capacity, as well as enhanced and 450 

prolonged melting under rising summer temperatures. 451 

 452 

Figure 8. Changes in the proportion of monthly runoff relative to annual runoff between 453 
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the periods 1980-1999 and 2000-2019. 454 

4. Discussion 455 

4.1 Divergent climate sensitivities across High Mountain Asia 456 

Glacier mass balance is governed by the competing processes of ablation and 457 

accumulation, primarily driven by variations in temperature and precipitation. 458 

Additionally, topographic factors and glacier properties, including area, slope, and 459 

elevation, further modulate glacier responses to climatic forcing (Brun et al., 2019; 460 

Shutkin et al., 2025). Recent studies indicate that the impacts of temperature and 461 

precipitation on glacier changes are highly interactive and regionally variable, making 462 

it insufficient to attribute glacier evolution to a single climatic factor (Bhattacharya et 463 

al., 2021; Parkes and Goosse, 2020). Nevertheless, numerous studies and observations 464 

suggest strong correlations between glacier mass changes and both temperature rise and 465 

precipitation variability (Ding et al., 2019; Oerlemans, 2005; Wouters et al., 2019). 466 

Therefore, understanding the spatiotemporal characteristics of climate change is 467 

essential to revealing the mechanisms driving regional glacier dynamics. To reduce 468 

uncertainties associated with individual climate products, this study employs an 469 

ensemble mean of multiple widely used gridded climate datasets, and the spatial grid 470 

outlines of these datasets are provided in the Figure S3. 471 

The HMA region experienced significant average temperature increases during 472 

1980-2019 (Figure 9). Although warming persisted throughout the entire period, 473 

temperatures after approximately 2000 remained higher than those before 2000, 474 

indicating an intensified warming regime in the later period. Further analysis indicates 475 

that temperature and precipitation trends exhibit substantial spatial and seasonal 476 

heterogeneity across HMA (Figure S2). The most pronounced warming has occurred in 477 

the southwestern and northern parts of HMA, with the East Tien Shan region being one 478 
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of the areas with the most severe glacier mass loss. Although winter warming is evident 479 

in many regions, its effect on glacier mass balance is largely indirect. Winter warming 480 

primarily affects the accumulation season by increasing the likelihood that precipitation 481 

falls as rain rather than snow, thereby reducing winter snow accumulation. In contrast, 482 

summer warming directly intensifies melting during the ablation season, exerting a 483 

much stronger effect on glacier mass loss. Consequently, the combined effect of 484 

reduced winter accumulation and intensified summer ablation drives the accelerated 485 

mass loss observed in these regions. Simultaneously, annual precipitation also increased 486 

significantly (P < 0.05), becoming more pronounced after 2005 (Table S3). However, 487 

an increase in total precipitation does not necessarily translate into enhanced glacier 488 

accumulation, because only snowfall can add mass to the glacier. Previous studies 489 

indicate that recent precipitation increases in several regions of HMA are primarily 490 

driven by increases in rainfall rather than snowfall, which does not contribute to glacier 491 

mass gain (Li et al., 2025; Jouberton et al., 2022). Crucially, liquid precipitation not 492 

only fails to add mass but can enhance melting by transferring heat to the glacier surface 493 

(Hock, 2005). Particularly, the continued reduction in winter precipitation in certain 494 

regions has further suppressed glacier accumulation, challenging the long-term stability 495 

of glacier mass. In summary, the contrasting roles of reduced winter accumulation and 496 

intensified summer ablation, driven by ongoing climate change, help explain both the 497 

spatial divergence and the recent acceleration of glacier mass loss across HMA. 498 

 499 
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 500 

Figure 9. Time series of annual mean temperature and annual precipitation. 501 

Figure 10 presents the climate sensitivities of glaciers across subregions, shown as 502 

normalized metrics and organized longitudinally from west to east, consistent with the 503 

volume change classification in Figure 5. Because the temperature and precipitation 504 

sensitivities are normalized independently, each metric should be interpreted only in 505 

terms of regional differences. The spatial zonation of glacier mass balance and volume 506 

changes across HMA shows a clear correspondence with temperature and precipitation 507 

sensitivity, indicating that regional glacier changes are more strongly influenced by 508 

climatic sensitivity than by climate trends alone. Glaciers in the eastern HMA, which 509 

exhibit higher temperature sensitivity, have undergone continuous volume loss under 510 

intensified warming. In contrast, glaciers in the western HMA, characterized by weaker 511 

temperature sensitivity and moderate precipitation sensitivity, have maintained relative 512 

stability or slight gains. Specifically, the sensitivity to temperature is weakest in western 513 

HMA and gradually increases from west to east. This weak climatic sensitivity in 514 

interior subregions such as West Kun Lun, reflects the combined influence of cold, arid 515 

climate and high glacier elevations, which restrict the ablation zone and weaken glacier 516 

responses to climate variability. Glaciers in southeastern regions such as the East 517 

Himalaya and South and East Tibet are particularly sensitive to temperature changes. 518 
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In contrast, the spatial pattern of precipitation sensitivity is more complex. Within the 519 

precipitation sensitivity experiments, the Himalayan subregions show relatively high 520 

sensitivity, indicating a stronger response to precipitation variability compared to other 521 

regions. 522 

 523 

Figure 10. Sensitivity of glacier mass balance to climate perturbations for 15 524 

subregions in the HMA. (a) Relative sensitivity to temperature changes; (b) Relative 525 

sensitivity to precipitation changes. Sub-regions are ordered longitudinally from west 526 

(top) to east (bottom), background colors denote three main longitudinal zones: western 527 

(purple), central (green), and southeastern (orange), with East Tien Shan and West Tien 528 

Shan (blue) shown separately due to their distinct higher latitudes. 529 

The sensitivity analyses further emphasize the spatial heterogeneity of glacier-530 

climate responses. Even under the same magnitude of warming or precipitation change, 531 

glaciers in different subregions exhibit significant differences in the magnitude of 532 

response. In addition, the markedly accelerated melt in the eastern and southeastern 533 

HMA can be explained by a combination of climatic and glaciological factors. These 534 

regions have experienced some of the strongest warming across HMA (Yao et al., 2012) 535 

and reductions in solid precipitation (Salerno et al., 2015), which have led to rising 536 

snowline altitudes (Guo et al., 2021; Yao et al., 2012), thereby reducing accumulation 537 
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and intensifying melt. Moreover, glaciers in these regions tend to be smaller, steeper, 538 

and located at relatively low elevations (Wang et al., 2023), making them more 539 

responsive to climatic forcing. In addition, our temperature sensitivity analysis shows 540 

that glaciers in the eastern and southeastern HMA respond much more strongly to 541 

temperature changes than those in other subregions. This pronounced climatic 542 

sensitivity helps link regional climate forcing to the nearly doubled melt intensity 543 

observed in this region. Therefore, regions with high climatic sensitivity, particularly in 544 

the southeastern HMA, warrant special attention in future glacier change projections 545 

and water resource management planning. 546 

4.2 Comparison with previous studies 547 

To validate the reliability of our glacier mass balance simulations for the HMA 548 

region, we compared them with several recent studies (Table 1). For the period after 549 

2000, numerous remote sensing and model-based studies consistently indicate that 550 

glaciers in the HMA region are experiencing significant negative mass balances. Due 551 

to differences in periods and methods, the values of glacier mass change vary somewhat 552 

across studies, but generally range from -0.18 to -0.23 m w. e. yr⁻¹, corresponding to 553 

glacier mass losses of -15 to -21 Gt yr⁻¹ (Brun et al., 2017; Hugonnet et al., 2021; Shean 554 

et al., 2020; Zhao et al., 2023). Our simulations for 2000-2019 indicate a mass balance 555 

of -0.21 ± 0.02 m w. e. yr⁻¹, equivalent to a total mass loss of -20.65 ± 0.15 Gt yr⁻¹, with 556 

uncertainties expressed as 95% confidence intervals of the regional mean estimates. 557 

These results fall within the range reported by previous studies, demonstrating the 558 

reliability of our model for this period. 559 

For glacier mass balance estimation before 2000, there are fewer related studies due 560 

to limited availability of high-quality remote sensing data. Zemp et al. (2019), using 561 

extrapolation from limited field measurements, reported a glacier mass balance for the 562 
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HMA region of -0.19 ± 0.31 m w. e. yr⁻¹ for 1980–2016. Dussaillant et al. (2024) 563 

integrated field observations with multi-temporal geodetic data through data fusion and 564 

spatial interpolation techniques to estimate glacier mass changes from 1980 to 2019. 565 

Our model results for the period 1980-2019 show a mass balance rate of -0.16 ± 0.03 566 

m w. e. yr⁻¹, slightly higher than the aforementioned studies but still within their 567 

uncertainty ranges. Furthermore, comparison with WGMS (2025) observational data 568 

shows that our simulated results are consistent with the measured trends (Figure 2). 569 

Overall, the consistency with previous studies obtained by various methods provides 570 

evidence supporting the reliability of our modeling results. 571 

Table 1. Comparison of glacier mass balance in the HMA region with previous studies. 572 

These published estimates are shown for contextual comparison only and were not used 573 

for model validation. Glacier density is taken as ρ = 900 kg m⁻³ in this study. 574 

Reference Period 
Previous study This study 

Methods 
m w. e. yr-1 Gt yr−1 m w. e. yr-1 Gt yr−1 

Shean et al. (2020) 2000-2018 -0.19 ± 0.03 -19.0 ± 2.5 -0.21±0.02 -19.99±0.15 

Geodetic 
method using 
multi-temporal 
DEMs 

Brun et al. (2017) 2000-2016 -0.18 ± 0.04 -16.3 ± 3.5 -0.21±0.02 -19.39±0.15 

Hugonnet et al. (2021) 2000-2019 -0.22 ± 0.05 -21.0±2.3 -0.21±0.02 -20.65±0.15 

Zemp et al. (2019) 1980-2016 -0.19±0.31 -19.0±10.2 
-0.17±0.03 

 
-15.37±0.15 

Liu et al. (2022) 2000-2018 — -29.3±2.6 -0.21±0.02 -19.99±0.15 

Dussaillant et al. 
(2024) 

1980-2019 -0.25±0.54 -20.38±16.47 -0.16±0.03 -16.68±0.15 

Data fusion of 
glaciological 
and geodetic 
methods 

Rounce et al. (2020) 2000-2015 — -20.3±2.0 -0.2±0.02 -20.91±0.15 PyGEM 

Zhao et al. (2023) 2000-2019 -0.23±0.03 -20.8±2.9 -0.21±0.02 -20.65±0.15 OGGM 

 575 

4.3 Uncertainty and limitations 576 

This study simulated glacier mass balance and volume changes across the HMA 577 

from 1980 to 2019 using the OGGM model and evaluated the results against multiple 578 
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independent datasets. Despite efforts to reduce uncertainties in model inputs and 579 

outputs, uncertainties remain, primarily related to climate forcing, parameter calibration, 580 

and simplified process representations. First, when calculating glacier mass balance, a 581 

uniform ice density value (ρ = 900 kg·m-3) was applied for unit conversion. While this 582 

assumption is commonly used in global-scale studies (Huss, 2013), it neglects the 583 

differences in glacier density across different glacier types (e.g., temperate glaciers and 584 

polar glaciers) and regions, which may introduce systematic errors. Second, although 585 

OGGM accounts for glacier geometric evolution and is one of the most advanced 586 

glacier dynamic models currently available (Maussion et al., 2019), its mass balance 587 

module primarily relies on a temperature index model. This method has high efficiency 588 

in large-scale simulations but does not explicitly consider radiation energy balance 589 

processes (Pellicciotti et al., 2012), which may lead to an amplification of the response 590 

to temperature changes. Moreover, although parameter calibration was conducted to 591 

ensure that simulated results are generally consistent with other studies (Figure 2 and 592 

Table 1), uncertainties associated with model parameterization remain. Recent OGGM 593 

analyses over HMA show that model outcomes are more sensitive to the precipitation 594 

correction factor than to temperature parameters, making precipitation parameterization 595 

a dominant source of uncertainty in regional glacier volume and runoff estimates (Zhao 596 

et al., 2023). In addition, the model does not explicitly distinguish between debris-597 

covered and debris-free glaciers, which prevents a detailed analysis of how debris cover 598 

affects glacier melt rates. Additional uncertainty arises from the use of a constant 599 

temperature lapse rate, as the spatial and seasonal variability in lapse rates cannot be 600 

fully captured due to limited long-term and large-scale observational constraints 601 

(Oulkar et al., 2024). While OGGM incorporates a calibrated temperature bias that 602 

partly compensates for this limitation, some uncertainty inevitably remains. It should 603 
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also be noted that glacier changes before 2000 were simulated by backward 604 

extrapolation based on glacier outlines around 2000s. Given the challenges in 605 

reconstructing historical glacier states and the lack of early glacier observations, the 606 

simulation results for the earlier period inevitably carry a certain degree of uncertainty 607 

(Eis et al., 2021). Although regional parameter recalibration led to a generally high 608 

degree of agreement between our simulations and previous studies, there may still be 609 

some quantitative differences. 610 

Our simulated regional glacier volume over HMA is approximately 7.0 × 10³ km³, 611 

consistent with the multi-model consensus estimate of 7.0 ± 1.8 × 10³ km³ for the region 612 

(Farinotti et al., 2019). Glacier runoff estimates inherently carry uncertainties arising 613 

from mass balance reconstruction, climate forcing data and model parameterization 614 

(Huss and Hock, 2018). Previous studies have demonstrated that basin scale glacier 615 

meltwater estimates can differ considerably across modeling frameworks and climate 616 

datasets (Rounce et al., 2020; Zhao et al., 2023). Although glacier runoff estimates in 617 

this study inevitably contain uncertainties, the simulated spatial distribution and long-618 

term trends remain robust and are consistent with those reported in previous 619 

assessments. 620 

Beyond the model related uncertainties, the findings of this study also have broader 621 

implications for understanding glacier climate interactions and for anticipating future 622 

water availability in HMA region. Our analysis shows that glaciers across the region 623 

differ markedly in their climatic sensitivity, with some subregions responding much 624 

more strongly to the temperature and precipitation changes. This insight is valuable for 625 

identifying glacier systems that are likely to undergo accelerated retreat under future 626 

warming, and it also provides a useful reference for research in other mountain regions. 627 

Moreover, the identification of highly sensitive subregions in the eastern and 628 
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southeastern HMA highlights the need for strengthened monitoring efforts and 629 

prioritization in these areas. The results also carry important implications for 630 

downstream hydrology and water resource planning. The HMA region is a critical water 631 

tower supporting major river systems and densely populated downstream areas. 632 

Spatially uneven glacier retreat suggests that future meltwater availability may become 633 

increasingly imbalanced across basins, with potential consequences for water supply 634 

reliability and seasonal flow regulation. These findings emphasize the need for region 635 

specific water management strategies and for integrating glacier information into future 636 

climate and hydrological projections. In summary, this work contributes to a deeper 637 

understanding of glacier climate linkages and offers actionable insights for long-term 638 

water resource resilience in the HMA region. 639 

Looking ahead, further improvements in glacier modelling remain essential for 640 

reducing uncertainties in long-term projections. Future developments could focus on 641 

more realistic representation of debris-covered glacier processes, improved 642 

parameterization of key energy balance components, and integration of higher 643 

resolution meteorological and glaciological observations. Such advances will improve 644 

the reliability of future estimates of glacier change and basin hydrology under continued 645 

climate change. 646 

5. Conclusions 647 

This study presents a comprehensive assessment of glacier mass balance, volume 648 

changes, runoff variations, and glacier sensitivity to climate forcing across HMA from 649 

1980 to 2019, based on OGGM simulations. The main conclusions are as follows: 650 

(1) Glacier mass loss in HMA accelerated notably after 2000, marking a significant 651 

phase shift in regional glacier–climate responses. This acceleration was accompanied 652 

by pronounced spatial heterogeneity, with losses intensifying from west to east.  653 
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(2) Glacier volume changes exhibited a clear west-to-east zonation pattern, 654 

characterized by a general increase in the western region, and initial increase followed 655 

by a decrease in the central region, and a continuous loss in the eastern region. Notably, 656 

subregions such as South and East Tibet, and Hengduan Shan, located in the 657 

easternmost part of HMA, experienced volume reductions exceeding 10%. 658 

(3) Annual glacier runoff increased across most basins, accompanied by a declining 659 

proportion in July and August and increased contributions in September, reflecting 660 

enhanced melt intensity under warming conditions.  661 

(4) Sensitivity analysis revealed that the strongest temperature sensitivity occurs in 662 

the southeastern HMA, while the highest precipitation sensitivity is observed in the 663 

southern areas. The intensified post-2000 warming, together with regionally divergent 664 

climate sensitivity, likely contributed to both the acceleration and heterogeneity of 665 

glacier changes. 666 

Overall, this study elucidates the spatiotemporal patterns and driving mechanisms 667 

of glacier changes across HMA over the past four decades, providing a scientific basis 668 

for understanding the future glacier dynamics. 669 
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