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Supplementary material 
 
3.1.10 Ice dynamics considerations 
 
As stated in Sect. 1 of the main manuscript, geodetic mass balance assessments have been often used to calibrate 
contemporary glaciological measurements. Differences amongst them in relation to vertical surface elevation 
changes have been attributed to firn densification and vertical ice velocity. Whilst differencing of elevation 
changes from dDEM and glaciological observations should yield representative emergence and submergence 
velocities (Pelto et al., 2019), glaciological data is unfortunately unavailable as part of this study. Alternatively, 
Belart et al. (2017) implemented a full-Stokes model by ingesting glacier bedrock and surface DEMs, in situ GPS 
velocities, coupled with the firn densification model derived realistic emergence and submergence velocities. This, 
however, was beyond the scope of the present study, as the influence of ice dynamics on overall mass budget is 
usually very small (<5%) on a year-to-year basis and only significant when calculating mass budget over few 
decades (e.g. Mukherjee et al. 2022).  
 
S3.3 Investigating the influence of climate (temperature and precipitation) on glacier mass balance 
 
To understand how the precipitation and temperature may have influenced the response of the glaciers in the study 
sites, we used remotely–sensed daily Global Precipitation Measurement (GPM) IMERG late run precipitation 
observations (Hou et al. 2014, Huffman et al. 2015). We opted to use the GPM precipitation dataset over reanalysis 
data (e.g. APHRODITE, ERA5, HARv2), since they have proven to largely over- or underestimate precipitation 
over the Tibetan Plateau (Wortmann et al., 2018; Lin et al., 2021). We used monthly temperature estimates from 
ERA5 Land (Hersbach et al. 2020, Muñoz-Sabater et al. 2021), a gridded reanalysis data based on numerical 
weather prediction models.  
We converted the daily GPM precipitation data to monthly data and calculated the monthly solid precipitation as 
all the precipitation when the corresponding temperature is less than 0°C. To estimate seasonal temperature and 
solid precipitation, we assumed May-October as summer months and November-April as winter months. We then 
obtained the total amount of solid precipitation for each year by matching with the dates/months of the geodetic 
data as shown in Table S1. 
To determine the relation between glacier mass balance and climate variability, we first calculated the annual, 
winter and summer average temperature and snowfall over the 2001-2022 time periods and then calculated annual 
and seasonal mean temperature and total snowfall anomalies. Finally, we correlated the glacier-wide mass budgets 
with the annual and seasonal variations of temperature and snowfall. To do this, we used our mass budget estimates 
at annual scale, added the geodetic mass balance values in Bhattacharya et al. (2021), and performed a correlation 
analysis using the averaged climate records for analogous sub-periods. Whilst we focus on our shorter 2020-2022 
period, our aim was to evaluate climate conditions of the last three years in a longer climate/mass balance context. 
 
S4.3 Relation between climate (temperature and precipitation) and mass balance 
 
In Muztag Ata, the summer (+0.5 °C to -1.1 °C) and winter (-0.9 °C and +0.3 °C) temperature anomalies were 
either positive or negative among the surveyed 2020 to 2022 hydrological years, and showed no prominence 
within the 2001-2022 period (Fig. S1c, e). In contrast, winter snowfall anomalies were all positive between 2020 
and 2022, but still within the 2001-2022 range. It must be also noted that snowfall anomalies (either winter or 
summer) are of rather small magnitude, especially compared to those in Western Nyainqêntanglha. These results 
indicate that air temperatures and solid precipitation in the 2020 and 2021 surveyed years were representative of 
recent climate conditions in Muztag Ata. We were, however, unable to find any significant correlation between 
climate variability and mass balance in Muztag Ata (Fig. S1a-f). Winter snowfall showed the highest correlation 
coefficient (r = 0.36; p = 0.47; α = 0.05) amongst the investigated seasonal variables in Muztag Ata.  
In Western Nyainqêntanglha, the surveyed 2020-2022 hydrological years all had positive summer temperature 
anomalies (around +0.6 °C), which were at the same time amongst the highest in the last two decades (summer 
anomaly range: -1.2 °C to +0.7 °C). The 2021 and 2022 winter seasons also showed positive temperature 
anomalies (+1.6 °C and +0.6 °C; winter anomaly range: -3.3 °C to +3.0 °C; Fig. S1g-j). Of the last 16 years, 12 
of them showed positive summer air temperatures anomalies. Likewise, the winter season has also shown positive 
temperature anomalies for 8 of the last 10 years. The years 2021 and 2022 were therefore among the warmest and 
driest in Western Nyainqêntanglha over approximately the last two decades. We found a strong correlation 
between temperature anomalies and mass balance at both annual (r = 0.97, p = 0.03) and seasonal (summer) scale 
(r = 0.75, p = 0.08). In regard to solid precipitation, our surveyed years showed highly negative summer anomalies 
of up to ~16 mm/year. This likely contributed to the overall negative annual snowfall anomalies, which have been 
negative since 2014. Overall, the correlation between mass balance and solid precipitation was weak (r < 0.52) 
and non-significant either at annual or seasonal scale. 
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Supplementary Tables:  
 
Table S1: Months for different mass balance years to calculate snowfall 

Region Months and years for climate analysis 
2020 2021 2022 

Muztag Ata Sep 2019 – Sep 2020 Oct 2020 – Sep 2021 Oct 2021 – Sep 2022 
Western Nyainqêntanglha Nov 2019 – Sep 2020 Oct 2020 – Sep 2021 Oct 2021 – Oct 2022 

 
Table S2: Firn area- and wet snow area-ratios 

 2019 2020 2021 2022 
 FR WR GI FR WR GI FR WR GI FR WR GI 
Muztag Ata 
Total glacier area 0.55 0.23 0.32 0.56 0.17 0.35 0.58 0.23 0.39 0.60 0.15 0.45 

Kekesayi 0.34 0.17  0.17 0.35 0.14 0.21 0.36 0.14 0.22 0.37 0.09 0.28 

No. 15 0.84 0.16 0.68 0.85 0.01 0.84 0.86 0.01 0.85 0.90 0.01 0.89 

Western Nyainqêntanglha 
Total glacier area 0.28 0.66 -0.38 0.26 0.33 -0.07 0.27 0.57 -0.30 0.25 0.50 -0.25 

Xibu 0.25 0.50 -0.25 0.25 0.29 -0.04 0.24 0.46 -0.22  0.23 0.37 -0.14 

Zhadang 0.01 0.52 -0.51 0.01 0.06  -0.05 0.01 0.41 -0.40 ~0 0.50 -0.50 

 
 
Supplementary figures: 
 

 
Figure S1. Evolution of geodetic glacier mass balance compared to annual and seasonal temperature and snowfall 
anomalies in Muztag Ata (a-f) and Western Nyainqêntanglha (g-l). In the temperature panels, the mass-balance values 
on the right axis have been reversed for a better interpretation. 
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