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Abstract 26 

Extreme glacier melt events accelerate mass loss, increase glacier instability, and 27 

temporarily increase downstream runoff, potentially alleviating drought conditions. Yet 28 

the glacier energy-mass balance in the Geladandong region—the headwater of both the 29 

Yangtze River (China's longest river) and Siling Co (Tibet's largest lake)—and its 30 

connection to the unprecedented 2022 summer melt remain insufficiently quantified. 31 

To address this gap, we integrated in situ mass balance observations and glacio-32 

meteorological data from a 5,700 m monitoring site with an energy-mass balance model 33 

and applied a novel dual-threshold framework (based on mean and standard deviation) 34 

to identify extreme mass loss/melt events in short-term glacier mass balance records. 35 

Our novel methodology identified 2021/22 as a period of extreme mass loss and melt 36 

intensity, with melt during the 2022 summer heatwave reaching unprecedented 37 

extremes. These heatwaves caused an increase in melt amount of 317.8 mm w.e., 38 

amounting to 1.66 and 1.69 times the values recorded for the same period in 2019/20 39 

and 2020/21, respectively. This extreme melt was driven by energy balance anomalies 40 

over the glacier surface. In terms of net contributions to the +28.2 W m−2 melt energy 41 

anomaly during the three identified heatwave windows, enhanced sensible heat flux 42 

was the largest term (+17.0 W m−2; 60.2%), followed by increased net longwave 43 

radiation (+14.0 W m−2; 49.7%) and increased net shortwave radiation (+5.1 W m−2; 44 

18.0%) associated with reduced albedo, with negative contributions from latent heat 45 

flux and subsurface heat flux. Such anomalies were driven by large-scale atmospheric 46 

circulation patterns, specifically the eastward extension and northward displacement of 47 

the South Asian High (SAH), together with near-neutral mid-latitude westerlies. This 48 

study advances the understanding of glacier mass balance responses to extreme weather 49 

and climate events on the central TP. 50 

Keywords: Energy and mass balance, Heatwaves, Extreme melt, Extreme mass loss 51 
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1. Introduction 53 

Extreme glacier melt events directly reflect glacier mass balance responses to 54 

extreme weather and climate events, such as heatwaves and droughts (Zhu et al., 2024; 55 

Xu et al., 2024; Zhu et al., 2026b; Van Tiel et al., 2026). Across the Tibetan Plateau (TP) 56 

and surrounding regions, evidence from Xiao Dongkemadi Glacier, which holds the 57 

longest mass balance record in the central TP with observations since 1989, indicates 58 

that extreme mass loss events have been concentrated in 2000–2022, compared to 59 

1989–2000 (Yao et al., 2012; Zhu et al., 2026a). In recent decades, scientific focus has 60 

increased on understanding spatiotemporal patterns and driving mechanisms of glacier 61 

retreat and thinning across TP (Bolch et al., 2012; Yao et al., 2012; Brun et al., 2017; 62 

Bhattacharya et al., 2021; Hugonnet et al., 2021). Studies have systematically revealed 63 

how atmospheric circulation patterns and dominant climate variables govern 64 

spatiotemporal variations in glacier mass balance across TP. Large-scale atmospheric 65 

anomalies generate distinct regional disparities in air temperature-precipitation regimes, 66 

potentially explaining the observed spatial heterogeneities in glacier mass balance (Yao 67 

et al., 2012, 2022). Meteorological controls exhibit strong regional differences: annual 68 

precipitation dominates mass balance variability in northwestern TP glaciers, whereas 69 

ablation-season air temperatures primarily regulate mass balance in southeastern 70 

regions (Zhu et al., 2018). Monsoon-driven cloud cover significantly influences 71 

summer surface energy budgets, as evidenced by detailed observations at East Rongbuk 72 

Glacier on the northern slopes of Mount Everest (Liu et al., 2021). These findings 73 

collectively demonstrate pronounced spatial heterogeneity in the sensitivity of TP 74 

glaciers to climate forcing. However, understanding the mechanisms underlying 75 

extreme mass loss events across TP and adjacent regions remains inadequate. 76 

Emerging evidence identifies compound heat-drought events as primary drivers of 77 

extreme glacier mass loss. Regional case studies across cryosphere hotspots—including 78 

the eastern Tien Shan (Xu et al., 2024), Qilian Mountains (Chen et al., 2024), and 79 

Tanggula and Nyainqêntanglha ranges (Zhu et al., 2024)—reveal unprecedented mass 80 
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loss rates associated with atmospheric teleconnections and glacier surface energy 81 

budget anomalies. These events typically result from synergistic interactions between 82 

external forcing (heat extremes/precipitation deficits) and intrinsic glacier responses 83 

(albedo feedback/turbulent heat flux anomalies). When superimposed, these drivers can 84 

push glacier systems beyond equilibrium thresholds within weeks, producing nonlinear 85 

mass losses that challenge conventional model predictions. However, comprehensive 86 

event attribution remains challenging across most of TP. 87 

This knowledge gap stems from two critical limitations: (1) methodological 88 

constraints in detecting extremes from short mass balance records (under ten years), 89 

and (2) sparse in situ monitoring networks—fewer than ten TP glaciers have decadal-90 

scale measurements. Traditional extreme detection methods (e.g., 10th percentile 91 

thresholds, generalized extreme value distributions) require multi-decadal data 92 

unavailable for over 90% of TP glaciers. Consequently, developing and testing 93 

frameworks, such as the dual-threshold approach proposed in this study, for identifying 94 

extremes from short-term observations (under ten years) are essential for advancing 95 

glacier research in this region. 96 

The exceptional 2022 heatwave, characterized by unprecedented air temperature 97 

anomalies and precipitation deficits, served as an ideal natural experiment to address 98 

these challenges. Researchers have systematically analyzed the temporal characteristics 99 

(frequency/duration), intensity metrics, and hydrological impacts of the 2022 100 

heatwave-drought events in both the Yangtze River Basin (Hua et al., 2023; Jeong et 101 

al., 2023) and TP (Yan et al., 2024; Zhou et al., 2024). Hua et al. (2023) demonstrated 102 

that a 6.45 °C temperature anomaly, observed in central China over the 21-day period 103 

from 6 to 26 August 2022, broke historical records and established a new threshold for 104 

defining future record-breaking daily maximum temperatures in the region. During 105 

summer 2022, central-eastern TP recorded mean maximum air temperatures 3.5 °C 106 

above the 1961–2013 baseline (Zhou et al., 2024). Concurrently, central-eastern TP 107 

precipitation was 2.4 σ below the 1961–2013 mean (Zhou et al., 2024), while southern 108 

China experienced rainfall deficits of 2–3 mm·day⁻¹ (Jeong et al., 2023). Multiple 109 
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drivers have been identified, including synoptic-scale circulation anomalies (Hua et al., 110 

2023; Duan et al., 2024), Indian Ocean Dipole–La Niña interactions (Jeong et al., 2023), 111 

land-atmosphere feedback (Gui et al., 2024), and localized energy budget perturbations 112 

(Tian et al., 2023; Zhang et al., 2023). These studies collectively reveal that both TP 113 

and eastern China faced unprecedented extreme heat and precipitation deficits during 114 

summer 2022. 115 

The key glaciated complexes most exposed to this extreme event are located in the 116 

Central Tanggula Mountains—a critical cryospheric zone in the central TP that 117 

encompasses the Geladandong and Dongkemadi regions and the Puruogangri Ice Cap. 118 

These glaciers provide a unique opportunity to develop novel methodologies for 119 

identifying extreme mass loss events and elucidating their driving mechanisms. 120 

Continuous mass balance monitoring began in 1989 at Xiao Dongkemadi Glacier in the 121 

Dongkemadi region (Pu et al., 2008). Since entering a negative mass balance regime 122 

around 1995, Xiao Dongkemadi Glacier has experienced accelerated mass loss at ~−0.3 123 

m w.e. yr⁻¹ since 2000 (Kang et al., 2015; Zhu et al., 2026a). Research demonstrates 124 

that summer mass balance controls annual mass balance variations in summer-125 

accumulation-type glaciers in the Dongkemadi region (Liang et al., 2018). The 126 

Geladandong region recorded glacier mass loss rates of −0.24 ± 0.08 m w.e. yr⁻¹ from 127 

the 1960s to 2018 (King et al., 2023).  128 

Sangqu Glacier, located south of Geladandong, was selected for in situ glacio-129 

meteorological observations. Meltwater from Sangqu Glacier drains into Siling Co, the 130 

largest lake in Tibet. Therefore, investigating extreme melt events in this region will 131 

improve the understanding of glacier change patterns. Hence, this study aims to (i) 132 

investigate the energy-mass balance characteristics of Sangqu Glacier; (ii) develop a 133 

novel framework for detecting extreme mass loss events in short-term glacier mass 134 

balance records; and (iii) elucidate melting mechanisms driven by the unprecedented 135 

2022 summer heatwaves. By integrating multi-source observational data with an 136 

energy-mass balance model, this work advances understanding of glacier responses to 137 

extreme heatwaves and proposes an innovative statistical dual-threshold framework as 138 
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a methodological advancement for addressing critical gaps in TP cryosphere research. 139 

2. Study Area 140 

The valley-type continental Sangqu Glacier in Geladandong was selected as the 141 

study site (Fig. 1). This south-facing glacier spans an elevation range of 5,400–6,104 m 142 

a.s.l.. The Second Chinese Glacier Inventory, primarily based on imagery acquired 143 

between 2006 and 2010, recorded an area of 18.04 km² for Sangqu Glacier; the 144 

corresponding outline was derived from an image acquired on 5 May 2007 (Guo et al., 145 

2015). By 2020, the glacier area had decreased to 16.4 km² (Ke et al., 2026). Based on 146 

our delineation from a Sentinel-2 image acquired on 3 June 2022, the area further 147 

decreased to 16.34 km². Situated in central TP, the region experiences low air 148 

temperatures and a semi-arid continental climate. Over 70% of annual precipitation 149 

occurs during June–September, coinciding with the warmest season (Zhu et al., 2024). 150 

Glacier ablation and accumulation in Geladandong primarily occur from June to 151 

September, characterized by a short melt season (Pu et al., 2008). Multi-temporal digital 152 

elevation model differencing and in situ stake measurements reveal continuous mass 153 

loss in this region since the 1990s (Yao et al., 2012; King et al., 2023). Based on the 154 

combined in situ and ERA5-corrected precipitation data, the mean annual precipitation 155 

at the Sangqu Glacier site was 510.5 mm for the period October 2019--September 2022. 156 

A fused product combining glaciological in-situ measurements with geodetic mass 157 

balance observations (Dussaillant et al., 2025) suggests a long-term mass loss rate of 158 

approximately 515 mm w.e. yr⁻¹ for Sangqu Glacier over the period 1957–2024, though 159 

such large-scale fusion products come with considerable uncertainties at the individual 160 

glacier scale. Based on the observed ice temperatures and the presence of meltwater 161 

percolation and refreezing in the ablation zone, Sangqu Glacier is polythermal, with 162 

cold ice in the upper accumulation zone and temperate ice in the ablation zone. This 163 

thermal regime is consistent with observations on neighboring glaciers on the central 164 

TP, such as Xiao Dongkemadi Glacier (Fig.1b), where superimposed ice formation 165 

plays a significant role in the mass balance (Fujita et al., 1996). Moreover, Sangqu 166 
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Glacier lies at the northern limit of Indian monsoon influence (Tian et al., 2001; Yao et 167 

al., 2013). 168 

 169 

Figure 1. Overview of the study area. (a, b) Geographical location of the glacier on the TP: (a) 170 

regional context; (b) enlarged local map. (c) Sentinel-2 image (2022-12-05) with contour lines 171 

showing the topography of Sangqu Glacier. (d, e) Photographs of the AWS and the precipitation 172 

gauge on Sangqu Glacier (Photo credit: Fei Zhu). The positions of the AWS, precipitation gauge, 173 

and stakes are indicated in panel (c). 174 

3. Data 175 

3.1 Meteorological Data on Glacier Surface 176 

An automatic weather station (AWS) was installed on Sangqu Glacier at 5,700 m 177 

a.s.l. in October 2020 (Fig. 1c and 1d). Hourly measurements included air temperature, 178 
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relative humidity, wind speed, incoming/outgoing shortwave radiation, and 179 

incoming/outgoing longwave radiation. Air temperature and relative humidity probes, 180 

along with wind speed, were mounted 2 m above the glacier surface. Radiation sensors 181 

were installed more than 1.6 m above the surface. Data from July 2021 were incomplete 182 

due to power failure; operations resumed on 13 July 2021. A Geonor T-200B 183 

precipitation gauge, equipped with a double-alter shield to minimize wind-induced 184 

undercatch, was installed on adjacent bedrock (5,665 m a.s.l.) to record precipitation at 185 

30-min intervals (Fig. 1e). Meteorological data cover the period October 2020 to July 186 

2022. As the observational data only cover the period up to July 2022, the 187 

meteorological forcing for August–September 2022 was reconstructed using ERA5 188 

reanalysis data (see Sect. 4.1). 189 

3.2 Glacier Mass Balance Data 190 

Glacier mass balance measurements began in October 2019 using stake and snow-191 

pit methods. Stakes were distributed between 5,400 and 5,750 m a.s.l. (Fig. 1c). Stake 192 

heights and snow-pit characteristics were measured in October 2019, October 2020, 193 

October 2021, and July 2022. Using these measurements and assumed densities (snow: 194 

300 kg m–3; ice: 900 kg m–3), mass balance data were derived for three periods: October 195 

2019–October 2020, October 2020–October 2021, and October 2021–July 2022. 196 

Taking the 2019/20 mass balance year as an example, sensitivity tests indicate that when 197 

snow density is changed from the baseline value of 300 kg/m³ to 100, 200, and 400 198 

kg/m3 respectively, the point mass balance variations at different elevations range from 199 

–35 to 70 mm w.e. (Fig. S8). Point and mass balances were calculated following Yao et 200 

al. (2012), and glacier-wide mass balances were obtained by integrating these point 201 

measurements over the glacier area using an elevation-based interpolation method. 202 

3.3 Other Data 203 

Hourly ERA5 reanalysis data (Hoffmann et al., 2019), including air temperature, 204 

precipitation, relative humidity, wind speed, and incoming shortwave radiation, were 205 

used. Additionally, variables at the 500, 200, and 300 hPa pressure levels, including 206 

geopotential height, horizontal wind, temperature, and specific humidity, were also 207 
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employed in this study. These data were used to reconstruct meteorological conditions 208 

at the AWS locations and to analyze the characteristics and underlying causes of the 209 

extreme melt. The glacier outline of Sangqu Glacier used in this study was derived from 210 

the Second Chinese Glacier Inventory (Guo et al., 2015), which is primarily based on 211 

Landsat imagery acquired between 2006 and 2010. For Sangqu Glacier specifically, the 212 

outline originates from an image acquired on 5 May 2007. To provide a more recent 213 

reference, we also used the 2020 TP Glacier Inventory (Ke et al., 2026), and manually 214 

delineated the glacier boundary from Sentinel-2 imagery acquired on 3 June 2022. 215 

These data were used to obtain the glacier area of Sangqu Glacier at different time 216 

periods. The 90-m resolution Shuttle Radar Topography Mission (SRTM) digital 217 

elevation model (DEM) was used to extract elevation, slope, and aspect. These data 218 

also drove model calculations of top-of-atmosphere radiation (Hock and Holmgren, 219 

2005). 220 

4. Methods 221 

4.1 Energy and Mass Balance Model 222 

We established the distributed coupled energy balance–snow/firn model (EBFM) 223 

and subsurface model for Sangqu Glacier. This model describes the evolution of vertical 224 

temperature, density, and water content profiles within the snow/ice pack, incorporating 225 

percolation and refreezing processes (Van Pelt et al., 2012). The EBFM has been 226 

successfully applied to mountain glaciers, including Abramov Glacier in the Pamir Alay 227 

(Kronenberg et al., 2022) and Kuoqionggangri Glacier in the Nyainqêntanglha 228 

Mountains (Zhu et al., 2024). Detailed model descriptions are provided by Van Pelt et 229 

al. (2012, 2019). The sum of each surface energy component is equal to the melt energy 230 

(QM) and the surface energy balance formula is as follows (Van Pelt et al., 2012): 231 

  (1) 232 

Snet is the net shortwave radiation, which consists of the incoming (Sin) and 233 

outgoing (Sout) shortwave radiation. The Sout depends on the albedo of the glacier 234 

surface. Lnet is the difference between the incoming (Lin) and the outgoing longwave 235 
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radiation (Lout). QH and QL are the sensible and latent heat fluxes, respectively. QG 236 

represents the snow and ice heat flux. The subsurface heat flux QG in EBFM is 237 

computed by solving the one-dimensional heat conduction equation. Following 238 

established approaches for polythermal glaciers (Van Pelt et al., 2012), the effective 239 

thermal conductivity is parameterized as a function of snow/firn/ice density based on 240 

Ostin and Andersson (1991) and Sturm et al. (1997). The heat capacity is treated as a 241 

function of temperature following Yen (1981). One simplification of the EBFM is that 242 

it does not include penetrating shortwave radiation, meaning that solar radiation is 243 

absorbed entirely at the surface rather than within the subsurface layers. Following 244 

micrometeorological convention, energy fluxes directed towards the surface are 245 

positive. The dichotomous iterative method was used to calculate the glacier’s surface 246 

temperature, and the surface temperature was constrained at less than 0°C. 247 

The glacier mass balance on TP comprises four primary processes: snowfall, 248 

melting, sublimation/evaporation, and refreezing. The glacier mass balance at each grid 249 

point can be expressed as: 250 

  (2) 251 

B denotes the point mass balance of each grid. P is for precipitation. M is the 252 

amount of melt on glacier surface. Eeva/sub refers to the sublimation and evaporation. Cr 253 

is for refreezing. Surface ablation involves melting, sublimation and evaporation. In 254 

this study, sublimation and evaporation were quantified based on latent heat flux and 255 

surface temperature. Specifically, the phase transition criteria were defined as follows: 256 

sublimation was identified under conditions where surface temperatures remained 257 

below the melting point while latent heat flux exhibited negative values. Conversely, 258 

evaporation was classified when surface temperatures exceeded the melting point with 259 

concurrent negative latent heat flux values. Additionally, the model explicitly includes 260 

deposition and condensation processes, which are strictly governed by positive latent 261 

heat flux conditions. Here, deposition occurs when surface temperatures remain below 262 

the melting point with positive latent heat flux, while condensation occurs when surface 263 
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temperatures exceed the melting point with positive latent heat flux. However, both 264 

processes were excluded from the final analysis due to their negligible impact on the 265 

overall mass balance. Mass accumulation comprises snowfall and refreezing processes. 266 

Specifically, surface accumulation was derived from solid precipitation events, 267 

determined by a temperature-dependent rain-snow transition threshold applied to 268 

atmospheric forcing data. Subsurface liquid water sources, including meltwater, rainfall, 269 

and condensation, were tracked as potential contributors to refreezing. 270 

In this study, the EBFM was applied as a distributed model at a spatial resolution 271 

of 100 m and hourly temporal resolution, driven by air temperature, relative humidity, 272 

wind speed, total precipitation, and cloud fraction from October 2019 to September 273 

2022. As the AWS was installed in October 2020, one year later than the start of mass 274 

balance observations (October 2019), and observations were only available through 275 

July 2022, meteorological forcing for October 2019–October 2020 and for August–276 

September 2022 was reconstructed. To obtain the air temperature, relative humidity, 277 

wind speed, total precipitation, and cloud fraction at hourly intervals from October 2019 278 

to September 2022, meteorological data were reconstructed at hourly intervals using 279 

the Random Forest method by combining the air temperature, relative humidity, wind 280 

speed, and Sin measured at AWS and ERA5. This study applied the Random Forest 281 

method for statistical downscaling of ERA5 reanalysis data to reconstruct near-surface 282 

meteorological variables, specifically air temperature, relative humidity, wind speed, 283 

and Sin at a glacier surface AWS site.  284 

Observational data from an AWS were first spatially and temporally matched with 285 

ERA5 grid points to construct training and testing datasets. Predictor variables included 286 

surface variables (2 m air temperature, dewpoint temperature, 10 m wind components, 287 

and surface pressure) and at 300 hPa and 500 hPa (temperature, humidity, wind 288 

components, and geopotential height), from which derived variables such as wind speed 289 

and relative humidity were also computed. To minimize overfitting and obtain robust 290 

estimates of model performance, we applied three repetitions of five-fold cross-291 

validation, where the training data were repeatedly split into five subsets, each serving 292 
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in turn as the validation set. Evaluation results indicate that the Random Forest model 293 

achieves high predictive accuracy. Comparisons between the downscaled estimates and 294 

in-situ observations yielded R² (coefficient of determination) values of 0.99, 0.96, 0.94, 295 

and 0.96 for air temperature, relative humidity, wind speed, and Sin, respectively, at the 296 

hourly scale (Fig. S1), with similarly robust performance during the ablation season 297 

(June–September) (Fig. S5). 298 

The cloud cover fraction was estimated as 1 minus the ratio of incoming shortwave 299 

radiation to top-of-atmosphere radiation. The hourly calculation of STOA (total radiation 300 

from the top of the atmosphere) was based on elevation, slope, and aspect parameters 301 

(Hock & Holmgren, 2005). We also estimated the total precipitation on Sangqu Glacier 302 

from October 2019 to September 2022. This was achieved by combining total 303 

precipitation data from ERA5 with data from direct measurements. First, we calculated 304 

the ratio (1.03) of total measured precipitation to that estimated by ERA5 for the overlap 305 

period (October 2020 to July 2022). Based on the overlap period, we also calculated 306 

seasonal correction factors (spring: 0.92, summer: 0.96, autumn: 1.29, and winter: 5.34). 307 

Although the winter correction factor is large, winter precipitation accounts for only 308 

4.24% of the annual total and the glacier is in a quiescent state during this period (Fig. 309 

S9). Consequently, to avoid amplifying the substantial uncertainties inherent in solid 310 

precipitation measurement under high-wind conditions, we ultimately adopted the 311 

precipitation-weighted annual mean factor of 1.03 for reconstructing the full time series. 312 

The spatial interpolation of meteorological data considered the topographic 313 

conditions (elevation, slope, and aspect) of Sangqu Glacier. Both the air temperature 314 

lapse rate and the precipitation gradient were treated as model parameters, with the 315 

latter constrained by glacier mass balance and albedo. Following the approach of Hock 316 

and Holmgren (2005) in their distributed surface energy-balance modeling for 317 

Storglaciären, Sweden, the wind speed and relative humidity measured at the single 318 

AWS are assumed to be representative of the entire glacier, due to the limited 319 

availability of spatially distributed observations and the relatively small spatial 320 

variability in relative humidity across the glacier. 321 
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The methodology for calculating the energy balance components at the glacier 322 

surface was based on the findings of previous studies. The Sin was calculated following 323 

Klok and Oerlemans (2002) and Van Pelt et al. (2012) and accounts for the grid aspect 324 

and shading by the surrounding terrain. Sout depends on surface albedo. Snow albedo 325 

was related to temperature and humidity (Oerlemans and Knap, 1998; Bougamont et 326 

al., 2005; Van Pelt et al., 2019), and ice albedo was calculated from dew-point 327 

temperature following Mölg et al. (2008). The Lin was calculated based on the relative 328 

humidity and air temperature (Brunt, 1932). Lout was calculated using the Stefan–329 

Boltzmann law. The surface emissivity (ε) was set to 1.0 following Van Pelt et al. (2012). 330 

QH and QL were calculated using the method proposed by Klok and Oerlemans (2002). 331 

QG was obtained as the sum of the conductive heat fluxes (Reijmer and Hock, 2008; 332 

Van Pelt et al., 2012). 333 

4.2 Modelling Validation and Uncertainty 334 

To reduce uncertainties arising from manual parameter calibration, this study 335 

proposes a stepwise parameter calibration scheme. First, the Shuffled Complex 336 

Evolution (SCE-UA) algorithm (Duan et al., 1992) was employed to calibrate 337 

parameters related to incoming longwave radiation parameterization using RMSE as 338 

the objective function. Subsequently, for the EBFM model, the Nondominated Sorting 339 

Genetic Algorithm II (NSGA-II) multi-objective optimization algorithm (Deb et al., 340 

2002) was applied. Utilizing daily-scale surface albedo data from on-glacier 341 

meteorological stations and glacier-wide mass balance observations, the EBFM 342 

parameters were calibrated with both the R² and RMSE as dual objective functions. 343 

Following parameter calibration, the model's performance was rigorously validated 344 

using in-situ observational data to the greatest extent possible. Specifically, validation 345 

utilized in situ measurements of albedo, Lin, and Lout from an AWS installed on the 346 

glacier. Additionally, point-scale mass balance data across different elevations, along 347 

with glacier-wide mass balance records for the periods October 2019–October 2020, 348 

October 2020–October 2021, and October 2021–July 2022, were used to assess the 349 

simulation accuracy. To further evaluate the model's performance in simulating glacier 350 
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mass balance, seasonal-scale glacier-wide mass balance data observed during 2020–351 

2021 were also employed. Because AWS observations ended in July 2022, no 352 

concurrent in-situ meteorological observations were available to directly validate the 353 

reconstructed forcing or model performance during August–September 2022. 354 

Fig 2 presents a comparison between measured and modelled albedo, Lin, and Lout 355 

at the AWS site. Albedo was directly derived as the ratio Sout / Sin at the AWS site. This 356 

observed albedo time series was used for model calibration and validation. Daily albedo 357 

simulations showed good agreement with observations, with an R of 0.76 and an RMSE 358 

of 0.1 (Fig. 2a). For 7-day average values, the agreement was comparable to that of the 359 

daily simulations (R = 0.74, RMSE = 0.09; Fig. S2). Simulations of Lin and Lout were 360 

also robust. Modelled Lin correlated well with measurements (R = 0.9, RMSE = 22 W 361 

m−2; Fig. 2b), as did Lout (R = 0.95, RMSE = 11 W m−2; Fig. 2c). The high accuracy in 362 

simulating radiation components supports reliable estimates of Lnet and glacier surface 363 

temperature. 364 

The performance of the EBFM model in simulating glacier mass balance was 365 

evaluated using multi-scale comparisons. At the point scale, the RMSE between 366 

simulated and observed mass balances was 288 mm w.e. (Fig. 2e). The R at the point 367 

scale is 0.9 (Fig. 2e). At the glacier-wide scale, the RMSE was 101 mm w.e. for the 368 

periods with available observations (Figs. 2f and 2g). The model reproduced the 369 

observed cumulative mass-balance evolution during the observationally constrained 370 

periods, supporting its application to reconstruct the full 2021/22 balance year. 371 

However, the August–September 2022 results should be interpreted as model-based 372 

estimates rather than directly validated observations. We also compared the differences 373 

between observed and simulated temperatures at 3 m and 5 m within the glacier, with 374 

correlation coefficients of 0.94 and 0.96, respectively (Fig. S3). The simulated englacial 375 

temperatures show a systematic cold bias compared to observations (Fig. S3). This cold 376 

bias may arise from the following factors: (i) the model does not account for penetrating 377 

shortwave radiation at the bare-ice surface (Bintanja & Van den Broeke, 1995; Mölg et 378 

al., 2008); (ii) the density-based thermal conductivity parameterization (Ostin and 379 
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Andersson 1991; Sturm et al., 1997) may not fully capture the thermal properties of 380 

snow/firn layers under the high-radiation environment of the central TP; and (iii) the 381 

simplified initial conditions may not have reached full equilibrium. Mölg et al. (2008) 382 

found on Kilimanjaro that neglecting penetrating shortwave radiation leads to a 383 

significant cold bias in ice temperatures, which was eliminated after incorporating the 384 

process. Wheler and Flowers (2011) and Yang et al. (2021) also emphasized the 385 

importance of including subsurface processes such as radiative penetration. 386 

Nevertheless, our sensitivity analysis shows that this bias has limited impact on mass 387 

balance: the glacier-wide annual mass balance has sensitivities of −9.9 mm w.e. a⁻¹ to 388 

effective thermal conductivity and +10.5 mm w.e. a⁻¹ to heat capacity, far smaller than 389 

the extreme mass loss observed in 2021/22 and its anomaly relative to the previous two 390 

years. Moreover, because this bias is systematic, its effect on interannual anomalies is 391 

smaller than on absolute values, and thus it does not affect our identification or 392 

quantification of the extreme melt event. 393 

To assess model accuracy at seasonal resolution, we compared simulated and in 394 

situ mass balances for the 2020–2021 balance year, yielding an RMSE of 329 mm w.e. 395 

(Fig. 2d). The extreme mass loss in 2021/22 is supported by two independent lines of 396 

evidence. First, the in-situ mass balance at the neighbouring Xiao Dongkemadi Glacier 397 

ranks as the third most negative in its nearly 30-year record, falling 619.5 mm w.e. 398 

below the 1989–2021 mean (Zhu et al., 2026a). Second, the coarse satellite-informed 399 

product of Dussaillant et al. (2025) shows a negative anomaly of 755.2 mm w.e. relative 400 

to the same reference period. Together, these independent datasets confirm that the 401 

2021/22 balance year was exceptionally negative and represents an extreme mass loss 402 

event for Sangqu Glacier. 403 

Collectively, these multi-scale and cross-site comparisons demonstrate that the 404 

EBFM model provides reliable energy and mass balance simulations for Sangqu Glacier, 405 

thereby supporting its use for detailed analyses of energy and mass balance processes. 406 

 407 
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 408 

Figure 2. Comparison between observations and simulations of (a) albedo, (b) Lin, (c) Lout, (d) 409 

glacier mass balance from June to September 2021, (e) point mass balance at different elevations, 410 

(f) accumulation mass balance, and (g) glacier-wide mass balance for the periods 2019/20, 2020/21, 411 

and from October 2021 to July 2022. (h) Comparison of simulated 2021/22 mass balance anomaly 412 

for Sangqu Glacier (anomaly relative to 2019/20–2020/21 average) with observed anomaly for Xiao 413 

Dongkemadi Glacier and the anomaly for Sangqu Glacier from Dussaillant et al. (2025), with the 414 
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latter two anomalies referenced to the 1989–2021 average. All anomalies are shown as deviations 415 

from their respective reference periods, highlighting the consistency in direction rather than the 416 

magnitude of absolute values. 417 

This study conducts sensitivity and uncertainty tests based on the parameter 418 

selection framework proposed by Van Pelt et al. (2012). Model output uncertainty 419 

primarily originates from key parameters governing albedo (snow, firn, and ice), 420 

precipitation gradients, critical temperature thresholds (e.g., the rain-snow partitioning 421 

threshold), temperature lapse rate, parameters for downward shortwave radiation, and 422 

turbulent flux calculations, all of which are crucial determinants of mass balance 423 

simulation accuracy. Following the recommendation of Van Pelt et al. (2012), an 424 

uncertainty of ±0.03 was applied to the albedo of snow, ice, and firn, along with the 425 

relevant parameters. The aerosol transmissivity coefficient, a parameter influencing Sin, 426 

was perturbed by ±0.01. The temperature lapse rate was adjusted by ±0.1 °C /100 m. 427 

All other parameters were perturbed by ±10% to assess sensitivity and associated 428 

uncertainty. The sensitivity was quantified using the formula provided below 429 

(Oerlemans et al., 1998): 430 

  (3) 431 

M is the glacier-wide mass balance, and S represents the parameter for which 432 

sensitivity tests are to be performed. 433 

The results of the sensitivity tests are presented in the supplementary materials 434 

(Tables S1-S4). Unless otherwise specified, the sensitivities reported here represent 435 

arithmetic means for the three mass balance years 2019/20–2021/22; the corresponding 436 

annual values are tabulated in Tables S2–S4, while the heatwave-period melt sensitivity 437 

is tabulated in Table S1. The glacier-wide mass balance of the Sangqu Glacier exhibits 438 

particularly high sensitivity to ice and snow albedo. Specifically, the sensitivities of the 439 

snow-albedo parameter, firn-albedo parameter, and the two ice-albedo parameters were 440 

123.2, 114.7, −0.3, and 126.3 mm w.e. a⁻¹, respectively. The temperature lapse rate 441 

shows a sensitivity of −141.4 mm w.e. a−1. The background turbulent exchange 442 
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coefficient and turbulent flux coefficient yield sensitivities of 8.3 and −55 mm w.e. a−1, 443 

respectively. In comparison, the sensitivity of the glacier-wide mass balance to the rain-444 

snow temperature threshold and precipitation gradient are relatively minor, at 0.5 and 445 

−2.2 mm w.e. a−1, respectively. The sensitivity to the aerosol transmissivity coefficient 446 

is −20.2 mm w.e. a−1. The glacier-wide annual mass balance has a sensitivity of −9.9 447 

mm w.e. a−1 to effective thermal conductivity and +10.5 mm w.e. a−1 to heat capacity. 448 

 The total uncertainty in the modelled mass balance for each mass balance year was 449 

estimated following the error propagation law described by Zhu et al. (2024) and Zhu 450 

et al. (2021). The average uncertainty over three mass balance years is 264.3 mm w.e. 451 

(Tables S2-S4). A comprehensive sensitivity analysis of key model parameters during 452 

the heatwave period was conducted, and the associated uncertainty in melt amount was 453 

estimated to be 99.3 mm w.e. (Table S1). 454 

4.3 Standardized heatwave index 455 

The standardized heatwave index (SHI) was employed to detect heatwave events 456 

(Raei et al., 2018; Shan et al., 2024). This index quantifies temperature deviations, 457 

ranking heatwaves by their probability of occurrence relative to a climatological 458 

reference period. As highlighted by Shan et al. (2024), the choice of this reference 459 

period is critical due to the non-stationarity of temperature records caused by global 460 

warming. Using the entire period of record can introduce bias, as the climate normal 461 

for a given day would be influenced by long-term trends rather than representing the 462 

recent expected conditions to which ecosystems and society may have adapted. 463 

 To address this, Shan et al. (2024) explicitly recommend using a dynamic, 30-year 464 

moving window to better account for climate non-stationarity. Following their 465 

methodology, we used the past 30 years as the historical reference period (1992-2021). 466 

For each target day, the 30-year mean of the accumulated temperature is calculated and 467 

used as the expected normal, allowing the index to reflect anomalies relative to a recent, 468 

locally adapting baseline. The SHI for each day was then calculated as follows (Raei et 469 

al., 2018; Shan et al., 2024): 470 
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  (4) 471 

  (5) 472 

The variables  and   denote calendar days, with  ; 473 

represents the year, is the total number of years in the historical 474 

record. The daily mean temperature for day  of year 𝑚is used directly. For leap 475 

years, the mean temperatures of February 28 and February 29 are averaged and assigned 476 

to February 28, after which the leap day is excluded. The accumulation period for a 477 

heatwave is denoted by  , and   represents the mean temperature over the 478 

accumulation period ending on day 𝑖 . The cumulative distribution function (CDF) 479 

  is fitted to the set  when  ; otherwise, it is 480 

fitted to . The inverse of the standard normal CDF is denoted as 481 

, and  is the resulting standardized heatwave index for day i of year 𝑚. 482 

We follow Raei et al. (2018) in using daily mean air temperature for the SHI 483 

calculation, as the original method employs this metric. From a glaciological 484 

perspective, daily mean temperature is preferred over daily maximum for two reasons. 485 

First, glacier melt responds to the cumulative thermal forcing over the entire diurnal 486 

cycle, and daily mean temperature better represents the total energy available for melt 487 

over multi-day heatwave events. Second, the widely used positive degree-day method 488 

for glacier mass balance modeling is traditionally based on daily mean temperatures 489 

(Hock, 2003), making this choice consistent with standard glaciological practice for 490 

capturing sustained melt anomalies rather than isolated peak temperature extremes. 491 

 492 
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Fig 3 presents the identified heatwave events (Figs. 3a, 3c and 3e) and the 493 

associated air temperature anomaly magnitudes (Figs. 3b, 3d and 3f). The anomalies 494 

are calculated relative to the 1992–2021 climatology. The first dataset consists of in-495 

situ observations from the Tuotuohe meteorological station, located approximately 150 496 

km from Sangqu Glacier. This station has been widely employed in previous studies on 497 

glacier mass balance and hydrological processes in the region (Gao et al., 2012). Using 498 

daily mean air temperatures from this station, three heatwave events were identified: 499 

1–9 June, 3–16 July, and 3–29 August (Figs. 3a and 3b). The second dataset is derived 500 

from the ERA5 reanalysis, specifically from the grid cell corresponding to the Tuotuohe 501 

meteorological station. Based on daily mean air temperatures extracted from this 502 

dataset, three heatwaves were identified: 1–8 June, 7–15 July, and 4 August–1 503 

September (Figs. 3c and 3d). The third dataset is also from ERA5 reanalysis but 504 

represents the grid cell covering the study site, Sangqu Glacier. Analysis of daily mean 505 

air temperatures from this dataset revealed three heatwave periods: 1–10 June, 7–17 506 

July, and 2 August–1 September (Figs. 3e and 3f). 507 

To minimize uncertainties arising from the use of multiple data sources, only the 508 

overlapping periods consistently identified by all three datasets were defined as the final 509 

heatwave events (Fig. 3g). Accordingly, the three heatwave events in the summer of 510 

2022 were delineated as 1–8 June, 7–15 July, and 4–29 August. Figure 3h shows that 511 

the air-temperature anomaly magnitudes at the Sangqu Glacier site during the three 512 

identified heatwave periods were 4.9 °C, 1.6 °C, and 2.0 °C, respectively; the August 513 

value is based on the meteorological series reconstructed from downscaled ERA5 data. 514 

This approach integrates multi-source data consistency with an objective statistical 515 

criterion for identifying heatwave events. By retaining only the overlapping periods 516 

identified across all three datasets, it reduces dataset-specific discrepancies and 517 

improves the consistency of heatwave identification. 518 
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 519 

Figure 3. Identification of heatwave events from June to September 2022. Air temperature 520 

anomalies are calculated relative to the 1992–2021 climatology. (a, b) Heatwave events and 521 

corresponding temperature anomalies at the Tuotuohe meteorological station. (c, d) As in (a, b), but 522 

for the ERA5 grid cell containing the Tuotuohe meteorological station. (e, f) As in (a, b), but for the 523 

ERA5 grid cell containing Sangqu Glacier. In panels (a), (c), and (e), the yellow line marks the 524 

standardized heatwave index threshold of 1; a heatwave is identified when the index exceeds this 525 

threshold for at least three consecutive days. (g) Comparison of heatwave events identified from the 526 
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three datasets shown in (a), (c), and (e). (h) Summer (June–September) temperature anomalies at 527 

Sangqu Glacier in 2022 based on the identified heatwave events. 528 

4.4 A Dual-Threshold Framework for Identifying Extreme Mass Loss Events in 529 

Short-Term Glacier Mass Balance Records 530 

Conventional approaches for detecting extreme mass loss events, such as percentile 531 

thresholds (Vargo et al., 2020) and generalized extreme value (GEV) distributions 532 

(Thibert et al., 2018), typically require observational records exceeding 30 years. On 533 

the TP, however, most glacier mass balance series span less than a decade, with the sole 534 

exception of Xiao Dongkemadi Glacier (since 1989; Yao et al., 2012). To address this 535 

limitation, we developed a dual-threshold framework capable of reliably identifying 536 

extreme mass loss events from short-term records (<10 years). 537 

The core idea is to establish a mathematical link between two approaches for 538 

defining extreme events within a training period: a percentile-based method and a 539 

method based on deviations from the mean. Let By denote the annual mass balance (mm 540 

w.e.). The available record is split into a training set (years Ttrain) and a test set (years 541 

Ttest). The training set is used to calibrate the relationship between the two methods, and 542 

the calibrated rule is then applied to the test set. 543 

First, we identify extreme years in the training set using a percentile-based 544 

threshold. With a default probability level 𝑝 = 0.10  (the 10th percentile), the 545 

threshold QP is computed, and all years in the training set with annual mass balance 546 

below QP are defined as extreme mass loss events, denoted by the set Ytarget. 547 

Second, we calculate the mean 𝜇 and standard deviation 𝜎 of the annual mass 548 

balance in the training set: 549 

  (6) 550 

n is the number of years in the training set, and Bi is the mass balance of the i-th 551 

training year. 552 

Third, we determine a multiplier 𝑘such that the rule 𝐵 < 𝜇 − 𝑘 ⋅ 𝜎 identifies the 553 

same extreme years as the percentile method. By searching over a predefined range 554 
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(e.g., 𝑘 ∈ [0.5,2.0]), we retain all 𝑘 values for which the set of years satisfying 𝐵 <555 

𝜇 − 𝑘 ⋅ 𝜎  exactly matches Ytarget. The smallest and largest 𝑘  in this valid range are 556 

denoted kmin and kmax, respectively. These yield two thresholds: 557 

  (7) 558 

The relaxed threshold serves as a lower bound for identifying potential extreme 559 

events, while the strict threshold denotes a more conservative bound for 560 

high-confidence extreme events. The interval between the two thresholds quantifies the 561 

uncertainty arising from the short training series. 562 

Finally, for any year in the test set, we classify it as an extreme event if its mass 563 

balance falls below the relaxed threshold, and as a high-confidence extreme event if it 564 

falls below the strict threshold. To test the reliability and transferability of this dual-565 

threshold framework, we validated it using five glaciers with long-term observational 566 

records across the TP, as presented in Sect. 5.2. 567 

5. Results 568 

5.1 Seasonal cycle of energy and mass balance during the 2021/22 mass-balance 569 

year 570 

The seasonal variations in the glacier-wide energy balance and its components 571 

during the 2021/22 mass balance year are presented in Fig 4a. The Snet shows significant 572 

seasonal variability in the range of 30.2 W m−2 to 88.8 W m−2, and this variability is 573 

mainly driven by the seasonal shift in the solar elevation angle in conjunction with the 574 

glacier surface albedo. Lnet is the major energy-loss term for the glacier surface energy 575 

balance (Fig. 4a). The maximum and minimum values of net longwave radiation are 576 

−11.7 W m−2 and −87.5 W m−2, which occur in August and March, respectively. The 577 

mean Lnet in the warm and cool seasons was −33.2 W m−2 and −76.5 W m−2, 578 

respectively. The difference in Lnet between the warm and cool seasons mainly depends 579 

on the difference between Lin and Lout. In this study, Lin is influenced by both air 580 

temperature and relative humidity, both of which reach high values in the warm season, 581 

corresponding to higher Lin. The Lout calculated from the glacier surface temperature 582 
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was also high during the warm season. Combining Lin and Lout, the absolute value of 583 

Lnet was found to be lower during the warm season than during the cold season. The QH 584 

on Sangqu Glacier was continuously above 0 W m−2 and was an important heat source 585 

in the energy balance (Fig. 4a). This indicates that the atmosphere continuously supplies 586 

heat to the glacier surface, which helps maintain the glacier surface temperature. The 587 

QH in the cold and warm seasons was 37 W m−2 and 49.4 W m−2, respectively, and this 588 

difference may be closely related to the temperature gradient between the glacier 589 

surface and the atmosphere, as well as seasonal changes in wind speed. In contrast, the 590 

QL on Sangqu Glacier is usually less than 0 W m−2, and the mean QL is −21.8 W m−2, 591 

indicating that sublimation or evaporation processes are continuously occurring at the 592 

glacier surface (Fig. 4a). QG depends on the heat transfer coefficients of ice and snow, 593 

as well as the temperature gradient (the temperature difference between the surface and 594 

the interior of the glacier). The mean QG is 0.7 W m−2, indicating that the QG accelerates 595 

the melting process at the glacier surface (Fig. 4a). Further analysis showed that QG in 596 

the cold season played an important role in maintaining the energy balance of the glacier 597 

surface, whereas in the warm season, it accelerated the melting of the glacier surface. 598 

Analysis of the combined energy components reveals that melt energy became positive 599 

as early as March, marking the start of ablation on the Sangqu Glacier, with maximum 600 

values occurring in July and August (Fig. 4a). This advanced melt onset corroborates 601 

the observations of Zhu et al. (2024). Additionally, melt energy decreases with 602 

increasing elevation, reflecting the lower available energy at higher altitudes (Fig. S6). 603 
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 604 

Figure 4. Monthly variations of (a) energy and (b) mass balance components during the 2021/22 605 

mass balance year. (c) Interannual variations of annual mass balance. (d) Differences in 606 

accumulation mass balance between 2021/22 and the 2019–2021 mean. 607 

The glacier-wide mass balance and its components at the glacial scale are shown 608 

in Fig. 4b. Melt, snowfall, refreezing, and sublimation/evaporation are the major mass 609 

components of glaciers on central TP.  610 

Mass replenishment comes from snowfall and the refreezing of the snowpack. 73% 611 

of snowfall is concentrated in the warm season, and most precipitation falls as snow on 612 

glacier surfaces during the warm season. Cold–season snowfall accounts for only 27% 613 

of the total snowfall, with less mass replenishment. The total snowfall in April and May, 614 

which affects warm–season albedo and glacier melt rates, accounted for 18% of the 615 

total snowfall. Meltwater on the glacier surface and water content in the snow are the 616 

main sources of mass for refreezing. The volume of refreezing peaks in June, which is 617 

related to snow cover and meltwater on the glacier surface. During the observation 618 

period, the refreezing amount on Sangqu Glacier accounted for 6% of the melting 619 

amount. 620 
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 The major mass losses from glaciers include melt, sublimation and evaporation. 621 

The melt is the dominant component of the mass balance. Melting begins at the glacier 622 

surface in March and peaks in July or August, which is related to the seasonal 623 

distribution of melt energy. 85% of melt occurs during the warm season. June, July, 624 

August, and September account for 16%, 22%, 39%, and 7% of the total melt, 625 

respectively. Sublimation/evaporation is a component of the mass balance that cannot 626 

be ignored; in this study, sublimation/evaporation on the Sangqu Glacier accounted for 627 

29% of the mass loss. 628 

As illustrated in Fig 4c, the interannual variability in the mass balance of the 629 

Sangqu Glacier indicates that mass loss during the 2021/22 mass balance year was 630 

substantially more severe than in 2019/20 and 2020/21, surpassing those years by 442 631 

mm w.e. and 312 mm w.e., respectively. Figure 4d shows the anomaly in cumulative 632 

mass balance for 2021/22 relative to the 2019–2021 average. This further indicates that 633 

the cumulative mass balance in 2021/22 began to diverge negatively from the multi-634 

year average earlier in the year, suggesting an earlier onset of rapid ablation compared 635 

to the two preceding mass balance years. 636 

5.2 Identification and Validation of Extreme Glacier Mass Loss Events on TP 637 

To evaluate the robustness of our proposed dual-threshold framework across 638 

different climatic regimes and record lengths, we applied it to five glaciers with 639 

long-term mass balance observations on the TP (Fig. 1a, Fig. 5). These five glaciers 640 

were selected to represent the major climatic regimes of the Tibetan Plateau: Xiao 641 

Dongkemadi Glacier in the central plateau (relatively humid, summer-accumulation 642 

type), Qiyi Glacier and Ningchan No. 1 Glacier in the northern Qilian Mountains (arid 643 

continental), and Guliya Glacier and Xiao Anglong Glacier in the western Kunlun 644 

Mountains (hyper-arid, cold). For each glacier, we calibrated the multiplier k based on 645 

a portion of its own record and tested the framework's performance on the remainder, 646 

ensuring an independent assessment of its detection capability. The results demonstrate 647 

that the framework consistently identifies documented extreme mass loss years across 648 

all five glaciers (Fig. 5), confirming its robustness and transferability across diverse 649 
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climatic settings. Given the climatic similarity between Xiao Dongkemadi and Sangqu 650 

glaciers, we then applied the k values derived from the former to the short-term record 651 

of Sangqu Glacier. This stepwise approach, first validating the framework on multiple 652 

long-term records and then transferring it to a data-scarce glacier, strengthens the 653 

credibility of our extreme event identification for Sangqu Glacier. 654 

Following the methodology described in Sect. 4.4, we first calibrated the multiplier 655 

𝑘 for each glacier based on the training period. The resulting kmin and kmax values vary 656 

by glacier: for Xiao Dongkemadi Glacier, kmin of 1.06 and kmax of 1.13 (corresponding 657 

to thresholds of −691 and −718 mm w.e., respectively) (Fig. 5a); for Qiyi Glacier, kmin 658 

of 1.28 and kmax of 1.34 (corresponding to thresholds of −577 and −595 mm w.e., 659 

respectively) (Fig. 5b); and for Guliya Glacier, kmin of 1.29 and kmax of 1.41 660 

(corresponding to thresholds of −113 and −129 mm w.e., respectively) (Fig. 5c). For 661 

Ningchan No. 1 Glacier, kmin = 1.28 and kmax = 1.35 (corresponding to thresholds of 662 

−932 and −968 mm w.e., respectively) (Fig. 5d); for Xiao Anglong Glacier, kmin = 1.49 663 

and kmax = 1.6 (corresponding to thresholds of −407.18 and −432 mm w.e., respectively) 664 

(Fig. 5e). Using these k values, the relaxed and strict thresholds (as defined in Sect. 4.4) 665 

were calculated, enabling the identification of 4–6 extreme mass loss events across the 666 

five glaciers. This demonstrates that the framework reliably identifies extreme events 667 

even when applied to short-term records. 668 

Given the climate similarity between Xiao Dongkemadi Glacier and Sangqu 669 

Glacier, we applied the k values derived from the former to assess the severity of the 670 

2021/22 mass balance year at Sangqu Glacier. Using the mean and standard deviation 671 

of the 2019–2021 mass-balance record at Sangqu Glacier, the relaxed and strict 672 

thresholds were calculated as −909 and −925 mm w.e., respectively. The simulated 673 

annual mass balance for 2021/22 (−920 mm w.e.) falls below the relaxed threshold but 674 

remains above the strict threshold, indicating an extreme mass-loss event under the 675 

relaxed criterion, though not a high-confidence extreme event under the strict criterion. 676 

We acknowledge that the three-year Sangqu Glacier record is insufficient to define 677 

independent extreme thresholds. The k-values transferred from Xiao Dongkemadi are 678 
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therefore used not to claim statistical independence, but to provide a consistent 679 

reference that places the 2021/22 anomaly, already supported by independent evidence 680 

(Section 4.2), on a comparable scale with other datasets. This framework serves as a 681 

diagnostic aid, not as the primary evidence of extremity. 682 
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 683 

Figure 5. Annual mass balance time series and extreme mass loss events for (a) Xiao Dongkemadi 684 

Glacier, (b) Qiyi Glacier, (c) Guliya Glacier, (d) Ningchan No. 1 Glacier, and (e) Xiao Anglong 685 

Glacier. The data were sourced from Yao et al. (2012), Zhu et al. (2026a) and Zhu et al. (2021, 686 
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2022a, 2022b). The two red dashed lines indicate the relaxed and strict thresholds, respectively, 687 

derived from the dual-threshold framework for identifying extreme mass loss events. Red dots 688 

mark years identified as extreme mass loss events. 689 

5.3 Surface Energy Balance Responsible for Extreme Melt during the summer 690 

2022 heatwave 691 

To understand the extreme melt induced by the 2022 summer heatwave, we 692 

analyzed the glacier-wide surface energy balance of Sangqu Glacier. The results reveal 693 

pronounced energy-balance anomalies during this event (Figs. 6 and S4). 694 

Relative to the reference period (October 2019–September 2021), the extreme melt 695 

period was characterized by a 2.9 W m−2 decrease in Sin (Fig. 6a) and an 8.0 W m−2 696 

reduction in Sout (Fig. S4a). The decline in Sout was primarily driven by a 3.5% decrease 697 

in albedo (Fig. 6b), resulting in a Snet gain of 5.1 W m−2 (Fig. S4e). Longwave radiation 698 

components also exhibited substantial changes: Lin increased by 20.3 W m−2 (Fig. 6c), 699 

while Lout rose by 6.3 W m−2 (Fig. S4b). This led to a Lnet increase of 14.0 W m−2 (Fig. 700 

S4f). Although the increase in Lin was the largest single energy input (+20.3 W m−2), it 701 

was partly offset by the increase in Lout (+6.3 W m−2), so the net longwave contribution 702 

was +14.0 W m−2. Combined, the increases in Snet and Lnet contributed an additional 703 

19.1 W m−2 to the total net radiation. 704 

Regarding turbulent heat fluxes, QH showed a marked increase of 17.0 W m−2 (Fig. 705 

6d), whereas QL decreased by 4.8 W m⁻² (Fig. S4c). QG also declined by 3.1 W m−2 706 

(Fig. S4d). These energy balance anomalies substantially enhanced the energy available 707 

for melt (Fig. S6e). A component-wise decomposition of this anomaly is provided in 708 

Tables S6 and S7. Table S6 lists the individual flux components, and Table S7 ranks 709 

their net contributions. In terms of net contribution to the +28.2 W m⁻² melt energy 710 

anomaly, QH was the largest single term (+17.0 W m−2; 60.2%), followed by Lnet (+14.0 711 

W m−2; 49.7%) and Snet (+5.1 W m−2; 18.0%), with negative contributions from QL 712 

(−4.8 W m−2; −17.1%) and QG (−3.1 W m−2; −10.8%). The amplified Snet resulting 713 

from reduced albedo, combined with enhanced QH and Lnet due to warm air advection, 714 

ultimately led to the extreme melt during the heatwave. During the three identified 715 
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heatwave windows (1–8 June, 7–15 July, and 4–29 August 2022), the average melt 716 

energy increased by 28.2 W m−2 relative to the reference period, resulting in an 717 

accumulated melt amount anomaly of 317.8 mm w.e.. 718 

Current research increasingly identifies energy balance anomalies as the principal 719 

driver of extreme glacier melt. Zhu et al. (2024) demonstrated that early 2022 720 

springtime climatic extremes interacting with anomalous Sin and QH triggered 721 

exceptional melting on Sangqu Glacier. Thibert et al. (2018) reported record melt on 722 

Sarennes Glacier (French Alps) controlled by three factors: Sin anomalies, QL variations, 723 

and preseason snowpack conditions. Tian et al. (2023) further established that large-724 

scale circulation patterns modulating cloud cover diurnal cycles induced extreme 725 

temperature anomalies in the eastern TP. 726 

Our findings corroborate that energy balance anomalies, characterized primarily by 727 

QH amplification, Lnet enhancement, and albedo-driven Snet increase, were the primary 728 

drivers of glacier melt during the 2022 summer heatwave. The observed energy 729 

partitioning pattern, featuring synergistic radiative-turbulent flux interactions during 730 

these summer extreme events, aligns with documented mechanisms in both Alpine and 731 

TP glaciers (Thibert et al., 2018; Zhu et al., 2024). 732 
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 733 

Figure 6. Glacier-wide energy balance anomalies associated with the extreme melt events. 734 

Anomalies in (a) incoming shortwave radiation, (b) albedo, (c) incoming longwave radiation, (d) 735 

sensible heat flux, (e) melt energy, and (f) melt amount are shown relative to the reference period 736 

October 2019–September 2021. Gray shading indicates the three identified 2022 heatwave windows. 737 

The anomalies refer to these heatwave windows, not the entire June–September period.. 738 

 739 

 740 

5.4 Effects of Atmospheric Circulation on Extreme Glacier Melt and heat waves 741 

Large-scale circulation anomalies can substantially influence changes in glacier 742 

mass balance over the TP and its surrounding regions by modulating regional air 743 

temperature and precipitation (Yao et al., 2012; Mölg et al., 2014). The Indian monsoon 744 

and the mid-latitude westerlies are the two dominant circulation systems affecting the 745 

plateau’s climate. Our results indicate that the eastward extension and northward 746 

displacement of the SAH, together with near-neutral mid-latitude westerlies, formed 747 

the critical circulation background for the 2022 summer heatwave and the associated 748 
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extreme glacier melt event. 749 

Figure 7a presents the 200 hPa geopotential height and wind anomalies during the 750 

2022 summer heatwave. Relative to the 1992–2021 climatology, an anomalous 751 

anticyclone dominated the TP and the regions to its east. The associated subsidence 752 

favored atmospheric warming, creating large-scale conditions conducive to the onset, 753 

persistence, and development of the heatwave. Meanwhile, the 12,520 gpm contour of 754 

the SAH extended markedly eastward in 2022, indicating a pronounced eastward shift 755 

and intensification of the SAH. As one of the most important upper-tropospheric 756 

circulation systems over the plateau and its surrounding regions, changes in the SAH’s 757 

intensity and position can substantially regulate regional vertical motion and thermal 758 

structure. 759 

During the same period, an anomalous anticyclone prevailed over Europe, while 760 

cyclonic anomalies occurred over the Mongolian Plateau, forming a clear cross-761 

Eurasian circulation pattern (Fig.7a). Jiang et al. (2024) demonstrated that low soil 762 

moisture over the TP can excite an equivalent barotropic anticyclone north of the 763 

plateau, which coincides with the subtropical westerly jet waveguide and initiates 764 

circumglobal Rossby waves propagating both westward and eastward, ultimately 765 

inducing synchronous extreme heatwaves over Europe and East Asia through enhanced 766 

downward solar radiation and adiabatic subsidence. Thus, the anomalous anticyclone 767 

over the TP in 2022 may not have been merely a local response but rather part of a 768 

planetary-scale teleconnection across Eurasia. 769 
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 770 

Figure 7. (a) 200-hPa geopotential height anomalies (shading) and wind anomalies (vectors) during 771 

the 2022 summer heatwave, relative to the 1992–2021 climatology; blue and red contours denote 772 

the 12,520-gpm isolines for the 1992–2021 climatology and the summer of 2022, respectively, 773 

indicating the position and extent of the SAH. (b) Time series of the summer (June–August) GTI 774 

from 1992 to 2022; positive values represent enhanced mid-latitude westerly circulation, while 775 

negative values represent weakened westerly circulation. (c) Time series of the summer (June–776 

August) NSI from 1992 to 2022; positive values indicate a northward shift of the SAH, and negative 777 

values indicate a southward shift. 778 

 779 
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To quantify the effects of these circulation anomalies on the heatwave and extreme 780 

melt over the central TP, we analyzed the Global Wave Train Index (GTI) and the SAH 781 

north–south displacement index (NSI). Following Ding and Wang (2005), we defined 782 

the GTI as the standardized anomaly of the 200 hPa geopotential height averaged over 783 

35°–40°N, 60°–70°E. To facilitate interpretation in the context of this study, we 784 

multiplied this index by –1 (see also Mölg et al., 2017) so that positive values 785 

correspond to enhanced mid-latitude westerlies and enhanced wave-train activity over 786 

Eurasia. This index has also been applied in previous studies examining the relationship 787 

between glacier mass balance and large-scale circulation over the TP and its 788 

surrounding regions (Zhu et al., 2024; Fan et al., 2026). Following Wei et al. (2012), 789 

NSI is calculated as the difference in mean 200 hPa geopotential height between a 790 

northern region (27.5–32.5°N, 50–100°E) and a southern region (22.5–27.5°N, 50–791 

100°E), and then standardized. Positive values indicate a northward displacement of 792 

the SAH center and negative values a southward displacement. Figure 7b shows that 793 

the GTI in 2022 was -0.12, a value close to neutral, indicating near-normal rather than 794 

substantially weakened mid-latitude westerlies. This near-neutral GTI, combined with 795 

the strongly positive NSI, favored the persistence of high-pressure systems and reduced 796 

the southward transport of cold air from higher latitudes. Figure 7c shows that the NSI 797 

reached 2.12 in 2022, reflecting a pronounced northward shift of the SAH and enhanced 798 

anticyclonic control over the TP. This pronounced northward shift is consistent with the 799 

findings of Wang et al. (2024), who demonstrated that an intensified SAH, particularly 800 

when coupled with a weakened East Asian jet, significantly increases the frequency of 801 

summer high-temperature extremes over the TP. Thus, the anomalous NSI value in 2022 802 

points to a circulation configuration that is statistically conducive to extreme heat. The 803 

combined effect of a near-neutral GTI and an anomalously northward-displaced SAH 804 

shaped the upper-level circulation during the 2022 summer heatwave. Through 805 

anomalous subsidence and tropospheric warming, this configuration created favorable 806 

conditions for the heatwave and the extreme glacier melt. 807 

The statistical relationship between large-scale circulation and heatwave intensity 808 
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over the central TP was further evaluated through Pearson correlation coefficients 809 

between summer (June–August) GTI, NSI, and SHI for 1992–2022 (Fig. 8). Based on 810 

ERA5 gridded data, GTI was generally negatively correlated with SHI across the central 811 

and eastern TP, whereas NSI was generally positively correlated with SHI (Figs. 8a, 8c). 812 

These patterns agree with observations at the Tuotuohe meteorological station, 813 

indicating that both circulation factors exert significant control on local heatwave 814 

intensity. Station observations confirmed these relationships: GTI was significantly 815 

negatively correlated with SHI (R = –0.5, p < 0.05), while NSI was significantly 816 

positively correlated with SHI (R = 0.42, p < 0.05) (Figs. 8b, 8d). In 2022, a near-neutral 817 

GTI, a strongly positive NSI, and high SHI values occurred simultaneously, suggesting 818 

that the heatwave was associated with a strongly northward-displaced SAH rather than 819 

with weakened mid-latitude westerlies. The consistency between gridded and station 820 

data further highlights the significance and statistical robustness of the 2022 circulation 821 

anomalies. 822 

We further examined the uniqueness of this circulation configuration by comparing 823 

2022 with the non-extreme years of 2020 and 2021 using the indices shown in Figure 824 

7 and Table S5. The NSI in 2022 reached 2.12, comparable to the 2013 value of 2.13 825 

and much higher than in 2020 (−0.03) and 2021 (0.24). This indicates a strongly 826 

northward-displaced SAH in 2022, although a similar NSI magnitude also occurred in 827 

2013. However, the GTI in 2013 was strongly negative (−1.21), whereas in 2022 it was 828 

only slightly negative (−0.12), indicating different mid-latitude westerly conditions 829 

between the two years. 830 

In terms of the GTI, 2022 was negative (−0.12), whereas 2021 showed a positive 831 

value (0.36). Notably, 2020 exhibited the most negative GTI (−1.25) among the three 832 

years, yet its SHI (1.67) remained lower than that of 2022 (1.78), because its NSI was 833 

also negative (−0.03), indicating no northward shift of the SAH. Similarly, although the 834 

ERA5-based SHI for 2021 (1.86) slightly exceeded that of 2022 (1.78), the Tuotuohe 835 

meteorological station SHI for 2021 (1.29) was substantially lower than in 2022 (1.68). 836 

More importantly, the NSI in 2021 (0.24), like that in 2020 (−0.03), remained much 837 
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lower than in 2022 (2.12), indicating that in neither non-extreme year did the SAH 838 

exhibit such a strong northward displacement. Nevertheless, because the 2013 NSI was 839 

comparable, the 2022 extremity cannot be attributed to the NSI alone. Notably, although 840 

the NSI in 2013 was comparable to that in 2022, the GTI differed substantially (−1.21 841 

in 2013 vs. −0.12 in 2022). This further indicates that the 2022 extreme melt cannot be 842 

attributed to the NSI alone, but likely resulted from the combined effect of multiple 843 

circulation factors. Collectively, these comparisons demonstrate that the extremity of 844 

2022 cannot be attributed to weakened westerlies alone; instead, it arose from the 845 

synergistic combination of a near-neutral GTI and a strongly positive NSI. 846 
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 847 

Figure 8. Correlations between GTI, NSI and SHI during June–August. (a, c) Spatial distribution of 848 

correlation coefficients of GTI and NSI with SHI based on ERA5 gridded data for 1992–2022; 849 

stippling indicates significance at the 95% confidence level (p < 0.05). (b, d) Scatter plots and 850 

correlation coefficients between GTI/NSI and the SHI calculated from the Tuotuohe meteorological 851 

station for 1992–2022. (e, f) Scatter plots and correlation coefficients between the raw (non-852 

detrended) summer GTI/NSI and the Xiao Dongkemadi mass balance record, the longest continuous 853 

mass balance series in the central TP, over the overlapping period 1992–2023. In (b, d, e, f), the red 854 

diamond marks 2022. 855 
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To further test the linkage between large-scale circulation and glacier mass balance, 856 

we correlated the raw (non-detrended) summer NSI and GTI with the Xiao 857 

Dongkemadi mass balance record, the longest continuous mass balance series in the 858 

central TP, over the overlapping period 1992–2023. The NSI was significantly 859 

negatively correlated with mass balance (R = –0.42, p < 0.05), whereas the GTI showed 860 

no significant correlation (R = 0.15, p = 0.417). These results support the role of the 861 

SAH in modulating glacier mass balance on the central TP, while also indicating that 862 

the 2022 extreme melt involved additional circulation and surface energy balance 863 

anomalies. 864 

These large-scale circulation anomalies also influenced the heatwave through land-865 

surface processes. During the summer heatwave, increased cloud cover and enhanced 866 

downward longwave radiation promoted near-surface warming (Figs. S7a–c). This 867 

warming was accompanied by higher soil temperatures and enhanced 868 

evapotranspiration, which reduced soil moisture (Figs. S7e, S7f). However, soil drying 869 

may not simply be a passive response to atmospheric forcing; through land–atmosphere 870 

interactions, it may in turn modulate the atmospheric circulation. In addition, a drier 871 

land surface enhances outgoing sensible heat flux (Fig. S7d), warming the troposphere 872 

and favoring the maintenance of anomalous high-pressure systems (Jiang et al., 2023). 873 

This process provides local thermodynamic conditions for the persistence of heatwaves. 874 

Therefore, large-scale circulation anomalies may not only directly trigger heatwaves 875 

but also prolong and intensify them through a positive feedback involving soil drying, 876 

enhanced sensible heating, and high-pressure maintenance (Gui et al., 2024). 877 

An increasing number of studies have shown that large-scale circulation anomalies 878 

are important external drivers of extreme glacier mass loss, affecting both surface 879 

energy balance and mass balance. Regarding the energy balance, Zhu et al. (2024) 880 

found that clear-sky conditions under anomalous anticyclonic control can enhance 881 

incoming shortwave radiation. Simultaneously, higher air temperatures and drier soils 882 

can increase sensible heat flux, jointly providing additional energy for glacier melt. In 883 

terms of mass balance, warming can shift precipitation from snow to rain, weakening 884 
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the role of fresh snow in maintaining high glacier albedo. Reduced albedo subsequently 885 

increases shortwave radiation absorption and accelerates mass loss (Zhu et al., 2018). 886 

In addition, circulation-induced reductions in moisture transport and precipitation can 887 

further limit snow accumulation during the melt season, exacerbating albedo decline 888 

and glacier mass loss (Luo et al., 2026). Together, these studies reveal the mechanisms 889 

through which large-scale circulation anomalies drive extreme glacier mass loss. 890 

These findings are consistent with our results on the anomalous circulation 891 

configuration and the associated extreme melt in 2022, and they support the proposed 892 

mechanism whereby a near-neutral GTI, SAH anomalies, and local energy balance 893 

anomalies collectively cause extreme glacier melt. In summary, the extreme glacier 894 

ablation during the 2022 summer heatwave was not driven by a single circulation factor. 895 

Instead, it resulted from the combined effects of a near-neutral GTI and the anomalous 896 

northward and eastward extension of the SAH. 897 

This circulation configuration may have been maintained through planetary-scale 898 

teleconnections across Eurasia and further amplified through coupling with soil 899 

moisture, sensible heat flux, and radiative processes. These interactions ultimately 900 

produced pronounced anomalies in glacier surface energy and mass balance. Our 901 

findings advance the understanding of how large-scale circulation affects glacier mass 902 

balance over the TP (Yao et al., 2012; Mölg et al., 2014; Zhou et al., 2025; Zhu et al., 903 

2026b) and demonstrate that studies of extreme glacier melt should consider the 904 

coordinated effects of tropical and extratropical circulation systems, as well as their 905 

coupling with local land-surface processes. 906 

6. Discussion 907 

6.1 Comparison with extreme glacier mass loss events in other regions 908 

Extreme mass loss events have been observed across diverse mountain glaciers, 909 

including the Swiss and Austrian Alps (Cremona et al., 2023; Voordendag et al., 2023; 910 

Van Tiel et al., 2026), Svalbard (Bernard and Friedt, 2025), the Pyrenees (Izagirre et al., 911 

2024), the Tien Shan (Xu et al., 2024), western North America (Menounos et al., 2025), 912 
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the central TP (Zhu et al., 2024), and New Zealand (Vargo et al., 2020). In the Swiss 913 

Alps, 2022 mass loss exceeded the 1991–2020 average by more than threefold, with 914 

meltwater compensating for precipitation deficits in basins with ~15% glacier cover 915 

(Van Tiel et al., 2026). The Pyrenees lost nearly 40% of their glacier area between 2020 916 

and 2023, with thinning rates triple those of the previous decade (Izagirre et al., 2024). 917 

Western North American glaciers lost 12% of their mass during 2021–2024, double the 918 

rate of 2010–2020 (Menounos et al., 2025). Central TP glaciers experienced anomalous 919 

early spring melting, typically part of the accumulation season (Zhu et al., 2024). 920 

These events share common drivers. Anomalous large-scale circulation, such as a 921 

weakened and northward-shifted westerly jet, creates conditions for persistent warmth 922 

(Zhu et al., 2024). Record summer heatwaves, often combined with winter snow 923 

deficits, provide ample melt energy (Menounos et al., 2025; Xu et al., 2024). This is 924 

reflected in increased incoming shortwave radiation and enhanced sensible heat flux 925 

(Thibert et al., 2018). The resulting earlier snowmelt exposes darker ice, reducing 926 

albedo and amplifying melt—a feedback loop further intensified by impurities like 927 

black carbon or dust (Menounos et al., 2025; Van Tiel et al., 2026). Liquid precipitation 928 

can destabilize snowpack, lengthening the melt season (Bernard and Friedt, 2025), 929 

while winter snow deficits advance ice exposure (Voordendag et al., 2023). Attribution 930 

studies confirm that anthropogenic warming has made such extreme years significantly 931 

more likely (Vargo et al., 2020). These findings highlight the urgent need for systematic 932 

research into the increasing frequency of extreme glacier melt events and their 933 

downstream hydrological and hazard implications. 934 

6.2 Research Limitations 935 

While this study integrates multi-source data with an energy-mass balance model 936 

to reveal the extreme melting processes and mechanisms of the Sangqu Glacier on the 937 

central TP driven by the 2022 summer heatwave, several limitations warrant further 938 

investigation. 939 

The AWS was deployed at only a single elevation point (5,700 m a.s.l.) on the 940 

glacier surface, which is closer to the lower–middle part of the glacier (elevation range 941 
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5,400–6,104 m) and may not fully represent conditions in the upper glacier. This results 942 

in spatiotemporal gaps that make spatial extrapolation of meteorological variables a 943 

primary source of model uncertainty. We used parameterization schemes such as 944 

temperature lapse rates and precipitation gradients to extrapolate point-scale 945 

observations to the entire glacier and conducted sensitivity analyses. However, this 946 

simplified approach cannot fully capture the spatiotemporal heterogeneity of 947 

meteorological variables under complex terrain conditions, which may introduce 948 

uncertainty especially during extreme weather and climate events. Other studies have 949 

also indicated that even with physically robust energy balance models, spatial 950 

extrapolation of meteorological variables remains a major source of model uncertainty 951 

requiring multi-source data constraints (Kinnard et al., 2022). In addition, the use of a 952 

single AWS to drive the distributed model assumes spatially uniform wind speed and 953 

relative humidity across the glacier. While this simplification follows common practice 954 

in data-scarce mountain environments, it may not fully capture local topographic effects 955 

on wind fields. However, our sensitivity analysis indicates that the resulting uncertainty 956 

in annual mass balance is minor relative to the observed mass loss (Section 4.2). 957 

Moreover, logistical challenges on the TP, such as power failures and harsh 958 

environmental conditions, persistently hamper field data continuity. We used 959 

observational data as much as possible to constrain the model and used the 2021/22 960 

mass balance observations from the adjacent Xiao Dongkemadi Glacier as independent 961 

regional corroboration. We did not apply explicit seasonal bias correction to the 962 

downscaled ERA5 data. However, validation for the ablation season (Fig. S5) shows 963 

good agreement with observations, suggesting minimal seasonal bias during summer. 964 

Nevertheless, this simplification may introduce uncertainties under extreme conditions 965 

and should be addressed in future work. Additionally, while we used a random forest 966 

method to statistically downscale ERA5 reanalysis data, the inherent errors of the 967 

downscaling model were not incorporated into the final uncertainty assessment, a factor 968 

that could be significant under extreme climatic anomalies.  969 

A further limitation concerns the meteorological forcing for August–September 970 
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2022. AWS measurements ended in July 2022, whereas the longest heatwave of the 971 

summer (4–29 August) occurred entirely during the period reconstructed from Random 972 

Forest-downscaled ERA5 data. Consequently, the meteorological forcing and simulated 973 

melt during this period could not be directly validated against concurrent on-glacier 974 

observations. The model was calibrated and evaluated using all available AWS and 975 

mass-balance observations before July 2022, which supports its performance under 976 

observed conditions; nevertheless, this does not constitute direct validation under the 977 

anomalous conditions of August–September 2022. The reconstructed melt for this 978 

period should therefore be interpreted as the best model-based estimate under the 979 

available data constraints. In addition, uncertainty from the Random Forest 980 

downscaling was not explicitly propagated into the final mass-balance uncertainty. This 981 

omission may be particularly important during extreme climatic anomalies and should 982 

be addressed through ensemble downscaling or other uncertainty-propagation 983 

approaches in future work. Importantly, the conclusion of extreme mass loss in 2021/22 984 

is independently supported by in-situ observations from the neighbouring Xiao 985 

Dongkemadi Glacier (Zhu et al., 2026a) and by satellite remote sensing products 986 

(Dussaillant et al., 2025), which consistently show a strongly anomalous signal over 987 

the Sangqu Glacier region. 988 

Another limitation concerns the short length of the Sangqu mass balance record 989 

(only three years), which precludes the independent derivation of extreme thresholds 990 

from the glacier's own data. As explicitly stated in Section 5.2, our dual-threshold 991 

framework is used as a diagnostic aid rather than the primary evidence of extremity, 992 

and the k-values transferred from Xiao Dongkemadi serve to provide a consistent 993 

reference rather than statistical independence. Nevertheless, the associated uncertainty 994 

should be borne in mind when interpreting the absolute classification. 995 

While the EBFM performs well at the glacier-wide scale, discrepancies are evident 996 

at finer scales (point and seasonal), reflecting inherent challenges of distributed glacier 997 

modeling under data-scarce conditions. These deviations arise from spatial 998 

extrapolation of meteorological variables using simplified lapse rates and gradients, 999 
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parameterization uncertainty (with albedo and temperature lapse rate being the most 1000 

sensitive parameters), scale mismatch between point stakes and grid-cell averages, and 1001 

observational uncertainties in density assumptions and stake height readings. In 1002 

addition, the model assumes fixed glacier geometry and does not account for the effects 1003 

of area retreat or surface lowering on mass balance. However, for a short-term (three-1004 

year) study, this simplification has a negligible impact, as glacier area and surface 1005 

elevation changes over such a brief period are minimal.  1006 

The EBFM employed in this study has been validated at multiple scales, but its 1007 

calibration of key parameters, including snow/ice albedo, turbulent exchange 1008 

coefficients, and precipitation gradients, relies on limited observational data. This 1009 

introduces uncertainties in the key parameterization schemes and may affect the model's 1010 

extrapolation capability under extreme conditions. Studies in other regions have shown 1011 

that different combinations of parameterization schemes can lead to considerable 1012 

differences in the simulated individual energy flux components while having a 1013 

relatively smaller impact on total melting energy, suggesting that total melt is less 1014 

sensitive to different parameterization schemes than the individual flux components 1015 

themselves (Draeger et al., 2024). This finding is consistent with the results of our 1016 

sensitivity analysis. Nevertheless, our uncertainty assessment through parameter 1017 

perturbation may still not fully capture the nonlinearities inherent in heatwave-driven 1018 

processes. Additionally, the model does not account for snow redistribution processes 1019 

such as wind-driven transport and avalanches, which may influence the spatial 1020 

distribution of mass balance, particularly in complex terrain. Furthermore, the model 1021 

does not account for penetrating shortwave radiation within the glacier, which may 1022 

introduce uncertainty in simulating englacial temperatures (Mölg et al., 2008; Wheler 1023 

and Flowers, 2011). However, because this study focuses on surface energy balance and 1024 

total melt, and because bare-ice surface temperatures remain near the melting point 1025 

during the ablation season, this simplification has limited impact on our total melt 1026 

estimates. It should, however, be considered when analyzing englacial thermal 1027 

conditions and processes such as meltwater refreezing in future work. 1028 
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This study focused on Sangqu Glacier on the central TP, which is situated at the 1029 

confluence of the mid-latitude westerlies and the Indian monsoon. Consequently, the 1030 

regional generalizability of our findings requires broader validation. Glacier sensitivity 1031 

to climatic anomalies varies markedly across the TP, from the humid southeast to the 1032 

arid northwest (Yao et al., 2012; Zhu et al., 2018). Whether the extreme melt mechanism 1033 

identified here, driven primarily by enhanced sensible heat flux, increased net longwave 1034 

radiation, and increased net shortwave radiation associated with reduced albedo, can be 1035 

directly extended to other glacier types remains to be examined through similar studies 1036 

in more representative sub-regions. Future research should strengthen multi-glacier 1037 

collaborative observation networks and integrate high-resolution regional climate 1038 

modeling to deepen our understanding of extreme melt mechanisms across diverse 1039 

climatic regimes. 1040 

7. Conclusion 1041 

This study integrated in situ glacio-meteorological observations from Sangqu 1042 

Glacier with a surface energy–mass balance model to elucidate the mechanisms driving 1043 

extreme glacier melt during the 2022 summer heatwave. To overcome the challenge of 1044 

identifying extreme mass loss from short-term records, we developed a dual-threshold 1045 

framework based on the mean and standard deviation. This approach effectively 1046 

identifies extreme events in data-scarce regions, providing a robust diagnostic tool that 1047 

circumvents the traditional requirement for decadal observational series. 1048 

Our findings reveal that the 2021/22 mass balance year experienced exceptionally 1049 

negative mass loss within the study period. During the 2022 summer heatwave, glacier 1050 

melt was 1.66 and 1.69 times higher than in the corresponding periods of 2019/20 and 1051 

2020/21, respectively, corresponding to an increase of 317.8 mm w.e.. This extreme 1052 

melt was driven by synergistic anomalies in the surface energy balance, primarily 1053 

enhanced sensible heat flux (+17.0 W m−2; 60.2%), increased net longwave radiation 1054 

(+14.0 W m−2; 49.7%), and increased net shortwave radiation (+5.1 W m−2; 18.0%) 1055 

associated with reduced albedo that further amplified the melt through positive 1056 

feedback. These local-scale drivers were modulated by large-scale atmospheric 1057 



46 

 

circulation patterns, characterized by the eastward extension and northward 1058 

displacement of the South Asian High, together with near-neutral mid-latitude 1059 

westerlies.  1060 

In summary, this study improves our understanding of glacier mass balance 1061 

responses to extreme weather and climate events on the central TP. The findings 1062 

highlight the critical role of glacier surface energy balance anomalies in driving extreme 1063 

melt during heatwaves and emphasize the importance of large-scale atmospheric 1064 

circulation anomalies. This study has certain limitations, mainly including the limited 1065 

spatial representativeness due to single-point meteorological observations and the 1066 

omission of feedback effects from dynamic glacier geometry changes on mass balance. 1067 

Future research should conduct detailed in situ observations of glacier surface 1068 

micrometeorology, mass balance, and runoff across different climatic zones on the TP 1069 

to further elucidate the mechanisms of extreme melt during summer heatwaves and 1070 

their impacts on hydrological processes, thereby providing a scientific basis for water 1071 

resource management and hazard risk assessment. 1072 
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