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High Mountain Asia has the largest volume of glacier ice outside the polar regions [1] 19 

and is considered the water tower of Asia [2]. These glaciers provide drinking and 20 

irrigation water for millions of people as well as ecosystems in and beyond the mountain 21 

ranges, and are especially important in drought-affected regions [3,4].  22 

Recent estimates of region-wide glacier mass losses vary from -13 to -19 Gt. a-1 (-0.14 23 

to -0.19 m w.e. a-1) for various periods between 2000 and 2018 [5, 6]. The mass loss rates 24 

are on average less pronounced in High Mountain Asia than in other major glacierized 25 

regions on Earth such as Alaska [7] due to balanced or even positive mass budgets in 26 

some subregions. While glacier mass balances in Hengduan Shan  were strongly 27 

negative during 2000 - 2018 (-0.64 ± 0.15 m w.e. a-1), glaciers in Karakoram, Eastern 28 

Pamir and Western Kunlun were on average close to balance or exhibited even slightly 29 

positive mass budgets during this period [5, 6].  30 

The unusually heterogeneous behaviour has been attributed to differences in glacier 31 

mass balance sensitivity to temperature change [8], enhanced westerlies and weakened 32 

Indian monsoons [9], increased winter precipitation [10], increased summer cloud cover 33 

and regional humidity [11]. Further factors explaining the differences are glacier 34 

morphology, surface albedo, debris cover and pro-glacial lakes. However, unambiguous 35 

attribution is still lacking [12]. 36 

Glaciers in High Mountain Asia can be divided into summer-accumulation type, which 37 

gain most mass from summer snow, winter-accumulation type, which gain most mass 38 

from winter snow [13], and transitional-accumulation type, which lacks a distinct 39 

accumulation season. Previous studies deriving the accumulation types have been based 40 

on climate models [11] or reanalysis products [8], which both face challenges due to 41 

insufficient spatial model resolution in steep terrain and scarcity of direct observations at 42 

high altitudes, in particular solid precipitation [14] to inform the models. Studies based 43 

on remote sensing and model-derived glacier mass balance and measured river discharge, 44 

show that precipitation at high altitude is strongly underestimated in many available 45 
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gridded climate data sets [15].  46 

Here we circumvent the need for climate data and propose a new index entirely based 47 

on glacier surface observations from space that characterizes the accumulation type. We 48 

calculate the extent of the firn (i.e. snow that has survived at least one summer) in winter 49 

and the zone with remaining (wet) summer snow at the end of the summer using 50 

Sentinel-1 C-band Synthetic Aperture Radar (SAR) and Landsat-8 Operational Land 51 

Imager (OLI) imagery and Google Earth Engine for 22 characteristic subregions 52 

including all glaciers in High Mountain Asia for each year between 2015 and 2018. All 53 

debris pixels within the RGI 6.0 outlines are excluded with Landsat images (see Methods 54 

in the Supplementary material, Fig. S1-S5). 55 

In order to characterize each glacier’s and subregion’s dominant accumulation type we 56 

then compute a new glacier index defined by 57 

                     𝐼 =
𝐴𝑓𝑖𝑟𝑛

𝐴𝑡𝑜𝑡𝑎𝑙
−

𝐴𝑤𝑒𝑡  𝑠𝑛𝑜𝑤

𝐴𝑡𝑜𝑡𝑎𝑙
,                             (1)  58 

where Afirn is the area of the firn zone, Awet snow the area of the late summer wet snow zone 59 

and Atotal the total glacier area. 
𝐴𝑓𝑖𝑟𝑛

𝐴𝑡𝑜𝑡𝑎𝑙
 and 

𝐴𝑤𝑒𝑡 𝑠𝑛𝑜𝑤

𝐴𝑡𝑜𝑡𝑎𝑙
 are referred to as firn area ratio and 60 

wet snow area ratio, respectively. Afirn and Awet snow are normalized by Atotal to account for 61 

different glacier sizes. The rationale behind the index I is illustrated in Fig. S1. The index 62 

can generally be expected to be positive for winter-accumulation-type glaciers since 63 

summer snow fall is rare and thus Awet snow smaller than Afirn. In contrast the index is more 64 

likely to be negative (larger wet summer snow area than firn area) for 65 

summer-accumulation-type glaciers due to frequent summer snow falls. The index is 66 

normalized relative to the firn-area ratio to account for glaciers in different mass balance 67 

states.  68 

Fig. 1 shows the index derived from the firn and wet summer snow area extent for all 69 

glaciers in High Mountain Asia defined by RGI 6.0 as well as for each of the 22 70 

subregions. The latter is computed from each subregion´s total firn and wet summer snow 71 

area. The index ranges from 0.73 to -0.71 for individual glaciers, while for the subregions 72 

it ranges from 0.24 in Western Kunlun Shan to -0.29 in Tanggula Shan (Fig. 2a). Glaciers 73 

and subregions with indices exceeding 0.05 are classified as winter-accumulation type 74 

while those with indices less than -0.05 are categorized as summer-accumulation type. 75 

The remaining glaciers and subregions where the index ranges between -0.05~0.05, are 76 

classified as transitional-accumulation type since the wet snow area and firn area ratio are 77 

of similar magnitude (Fig. 2b). 78 

Winter-accumulation glacier types dominate in the western parts of High Mountain 79 

Asia including the Western and Eastern Pamir, Central Tien Shan, Western and Eastern 80 

Kunlun Shan, Altun Shan, Eastern Hindu Kush, Karakoram, Western Himalaya (Fig. 1), 81 

consistent with prevailing westerlies which are typically associated with higher winter 82 

snowfall. The southern part (Gangdise Mountains) and eastern part of the mountains of 83 

the Tibetan plateau (Tanggula Shan, Nyainqentanglha, Hengduan Shan and Eastern 84 

Tibetan Mountains) are classified as summer-accumulation type consistent with 85 

precipitation patterns influenced by the Indian and East Asian monsoon. 86 

Summer-accumulation types are also found at the northern edge of the region, such as the 87 

Northern/Western Tien Shan and Dzhungar Alatau, mainly due to frontal cyclonic 88 

activities which occur in early summer in this subregion and intrusions from cold and 89 
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moist air masses from the north. Subregions classified as transitional are found scattered 90 

across High Mountain Asia, including the Eastern and Central Himalaya, Tibetan Interior 91 

Mountains, Qilian Shan and Pamir Alay.  92 

 93 
Fig. 1. Results of satellite derived accumulation type for all glaciers in High Mountain Asia 94 
and for 22 subregions. Subregions correspond to the second-order Hindu Kush Himalayan 95 
Monitoring and Assessment Programme (HIMAP) regions [4]. Lighter to darker grey shades 96 
scale with increasing altitude. Arrows indicate main seasonal wind directions [8]. Numbers below 97 
each region name refer to mean specific mass rates (m w.e. a-1 for 2000-2018 [5]). 98 

 99 

 100 

We show that the index is a powerful indicator of accumulation type and correlates 101 

well with the specific glacier mass balance (i.e. mass change per area unit). We use 102 

published regionally averaged mass-balance data for all 22 subregions from 2000 to 2018 103 

which were derived from differencing high-resolution digital elevation models (DEM) 104 

covering 99% of all glacier area [5]. We find that the specific mass-balance rates differ 105 

clearly between accumulation types. The area-weighted mass-change rates for the 106 

winter-accumulation type, transitional-accumulation type, and summer-accumulation 107 

type glacier regions are -0.10 ± 0.06 m w.e. a-1, -0.32 ± 0.10 m w.e. a-1, -0.43 ± 0.12 m 108 

w.e. a-1, respectively, for the period 2000-2018. Hence, winter-accumulation type glaciers 109 

have less negative balances than the other two types indicating that the seasonality of the 110 

accumulation covaries with the spatial variability in regional specific balance rates.  111 

Each subregion’s index used to distinguish between accumulation types correlates well 112 

with the corresponding specific mass-balance rates averaged over the period 2000 – 2018 113 

(Fig. 2c). The greater the difference between firn and wet snow ratio, i.e. the stronger the 114 

indication that a subregion’s glaciers are winter-accumulation type, the less negative the 115 

mass change. This correlation is driven largely by variations in firn area ratio (Fig. 2d) as 116 

there is no significant correlation with the wet snow area ratio (Fig. 2e). This result shows 117 

that the amount of winter snow accumulation plays a more important role in the mass 118 

balance of glaciers than the amount of summer snow. 119 
 120 

Fig.2. Glacier index and its correlation with annual mass balance. a, Firn area ratio (FAR) 121 
and wet snow area ratio (WSAR) from 2015 to 2018 for 22 subregions. b, Difference between 122 
FAR and WSAR averaged over 2015 and 2018 used to discriminate accumulation type. Grey bars 123 
show ± 1 standard deviation. c-e. Correlation between annual specific mass balance and 124 
FAR-WSAR (c), FAR (d) and WSAR (e). Each dot with a number represents a subregion (Fig. 1). 125 
Vertical bars refer to mass-balance uncertainties [5] and horizontal bars denote the standard 126 
deviation of the annual FAR-WSAR values during 2015-2018. The linear regression model is 127 
displayed in dark grey with the 95% confidence intervals in light grey. 128 
 129 

In several subregions our derived accumulation types using SAR data agree well with 130 

accumulation types estimated from seasonal precipitation using reanalysis and modelled 131 

gridded datasets [13, 14] (Table S1 and Fig. S6-8). This is especially the case for those 132 

subregions that are clearly under the prevailing influence of the westerlies (such as the 133 

Western Pamir, Eastern Hindu Kush and Karakoram) or the Indian or East Asian Summer 134 

monsoon (such as Gangdise Mountains, Nyainqentanglha or Tanggula Shan). However, 135 

discrepancies are found in some subregions including parts of Tien Shan, Eastern Pamir 136 

and Western Kunlun (Table S1). Most gridded precipitation data sets are typically 137 
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informed by or bias corrected with in situ measurements at weather stations located in 138 

lower altitude valleys, and thus may not be fully representative of the high-altitude 139 

glacierised areas. For example, in Central Tien Shan, precipitation data collected at 140 

weather stations outside the glacier suggest summer-accumulation type. However, 141 

ablation stake observations and model-driven glacier-wide mass-balance reconstruction 142 

during 2003/04-2013/2014 indicate that the accumulation is higher in winter than in 143 

summer. In Northern/Western Tien Shan, which we classify as summer-accumulation 144 

type, records from weather stations at lower altitudes show that precipitation peaks in 145 

winter, while at the higher glacierised altitudes cyclonic activities, westerly winds and 146 

cold and moist air masses, together with convective precipitation cause a precipitation 147 

maximum in early summer; Also in valleys of Eastern Himalaya, precipitation mainly 148 

occurs in the summer monsoon season at altitudes below 2500 m a.s.l., while rain-gauge 149 

observations show that at 4000-4500 m a.s.l. precipitation peaks in both March-April and 150 

July-August (more details and references see Supplementary material). Hence, our 151 

satellite derived approach may provide more accurate estimates of the glacier 152 

accumulation type than those derived from currently available gridded or available 153 

weather station data sets.  154 

We also note that the relation between our firn area- and wet snow area-based index 155 

and regional specific mass balance may vary in time as glaciers continue to retreat despite 156 

considering varying firn area extent in the calculation of the index (Equation 1). However, 157 

in our analysis this effect can be assumed small since we compute the index only over a 158 

few years of data. In this way we smooth out variations due to interannual variability but 159 

avoid significant impact of a mass-balance trend on the analysis. Thus we interpret any 160 

variations in the index as reflecting spatial variations in accumulation type. However, if 161 

the analysis was repeated after years of continued glacier retreat and mass loss, the 162 

current thresholds used to discriminate different accumulation types may need adjustment 163 

to avoid misclassification. 164 

While previous research on the relationship between the seasonality of snow 165 

accumulation and glacier mass balance has relied on precipitation data to determine the 166 

accumulation type, here, for the first time, we use high-resolution regional-scale 167 

observations of the glaciers themselves.  168 

Our results demonstrate that summer-accumulation type glaciers thin on average about 169 

four times faster than winter-accumulation type glaciers, indicating that our new index 170 

provides a powerful tool to support the characterization of glacier mass changes from 171 

space. Our large-scale SAR-based analysis of glacier surface properties can also help to 172 

enhance our understanding of the spatial variability of precipitation at high altitudes and 173 

improve projections of glacier mass change in High Mountain Asia. 174 
 175 

Open Research 176 
The datasets named Wet snow and Firn of glaciers in High Mountain Asia generated during the 177 
current study are available from the following website 178 
http://data.casearth.cn/en/sdo/detail/6184e3bd08415d692f1902d7.  179 
 180 
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 262 
Fig. 1. Results of satellite derived accumulation type for all glaciers in High Mountain Asia 263 
and for 22 subregions. Subregions correspond to the second-order Hindu Kush Himalayan 264 
Monitoring and Assessment Programme (HIMAP) regions [4]. Lighter to darker grey shades 265 
scale with increasing altitude. The arrows indicate main seasonal wind directions [8]. The 266 
numbers below each region name refer to mean specific mass rates (m w.e. a-1 for 2000-2018 [5]). 267 
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 271 
Fig.2. Glacier index and its correlation with annual mass balance. a, Firn area ratio (FAR) 272 
and wet snow area ratio (WSAR) from 2015 to 2018 for 22 subregions. b, Difference between 273 
FAR and WSAR averaged over 2015 and 2018 used to discriminate accumulation type. Grey bars 274 
show ± 1 standard deviation. c-e. Correlation between annual specific mass balance and 275 
FAR-WSAR (c), FAR (d) and WSAR (e). Each dot with a number represents a subregion (Fig. 1). 276 
Vertical bars refer to mass-balance uncertainties [5] and horizontal bars denote the standard 277 
deviation of the annual FAR-WSAR values during 2015-2018. The linear regression model is 278 
displayed in dark grey with the 95% confidence intervals in light grey. 279 
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