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SUPPLEMENTARY NOTES 

SUPPLEMENTARY NOTE 1: COMPARISON TO SMB MEASUREMENTS 
Relatively few in-situ measurements of glacier mass balance have been reported for High Mountain Asia 1–3.  We 
first compiled a database of all known and available glaciological mass balance measurements for High Asian 
glaciers during the 2000-2016 study period (Supplementary Table 1). Measurements were sourced from the 
World Glacier Monitoring Service 4 or compiled from published studies. Where possible, data were sourced 
directly from open archives, while observations for many glaciers were collected by manually digitizing data from 
figures within peer-reviewed literature. We were unable to source records for some glaciers, which are 
described but not depicted in scientific literature. After limiting the dataset to the study period and where SMB 
observations coincided with our needed inputs, we were left with 35 glaciers varying in size, location, and 
characteristics (Supplementary Table 1, Supplementary Figure 24).  

A direct comparison between our results and these measurements is problematic due to differences in 
observation period and spatial scale, as well as limitations with the underlying datasets. In terms of spatial scale, 
our results are fully distributed across the study glaciers, whereas point mass balance measurements tend to 
have a bias towards accessible locations that may or may not be representative of their entire elevation band. 
In addition, there was a strong bias to lower elevations of glaciers: very few sites contained any measurements 
of accumulation at all. As there can be considerable local heterogeneity in SMB, we calculate the range of SMB 
values within each elevation band. With regards to temporal scale, our results are effective for the 2000-2016 
period, but few sites include measurements encompassing at least half of this period. The few sites with at least 
10 years of observation also show considerable interannual variability in SMB.  

Given the difficulties of this comparison, we apply the SMB reconstruction method to these glaciers to first 
assess the method’s performance qualitatively. We focus on three aspects describing the pattern and accuracy 
of derived SMB: coherence of the SMB pattern, SMB altitudinal gradient, and apparent bias in SMB magnitude. 
In addition, we compare the altitudinal and spatial pattern of derived SMB to each glacier’s modelled thickness 
and measured surface velocity to consider most likely causes of poorer results (Supplementary Figures 25-60). 

The results from our method are often satisfactory, but differ substantially from measurements in many cases. 
In particular, although our method generally reproduces the patterns of observed mass balances for glaciers 
which exhibit a clear surface velocity pattern, it often struggles for glaciers which exhibit low or undulating 
surface velocities. These problems have been previously acknowledged due to the chip size and offset settings 
of the ITS_LIVE JPL auto-RIFT processing chain and its use of moderate resolution Landsat imagery 5,6.  Some 
glaciers were also represented poorly in the Randolph Glacier Inventory 6.0 (RGI6.0) 7,8 on which the ice thickness 
estimates are based 9, leading to incomparable results. 

Despite the disagreement in spatial and temporal scales between the field measurements of surface mass 
balance and our results, we also perform a quantitative comparison by asking whether our results are consistent 
with the field measurements. For nearly all sites, the only position information for the field measurements is an 
elevation. Considering the possibility of a bias between field elevation values and the ASTER GDEM v2 which we 
use, we therefore sampled our results based on a window of +/- 50 m around the elevation for each reported 
surface mass balance measurement. We then determined the minimum bias between our results for this 
window and the reported surface mass balance measurement. From our database of 2088 reported values of 
surface mass balance, we find a mean bias of 0.16 m w.e. a-1, and a median absolute deviation of 0.025 m w.e. 
a-1 (Supplementary Table 1). In all, we find that 79% of reported surface mass balance measurements correspond 
to within 0.2 m w.e. a-1 of our results. Acknowledging that (1) many glacier outlines contain tributaries with 
distinct mass balance regimes for the same elevation, (2) glacier surface mass balance patterns exhibit strong 
interannual variability, we consider this result to be a very positive indicator in terms of the method’s 
performance. We additionally compare the equilibrium line altitudes computed based on our results to those 
estimated based on the field measurements for each glacier (Supplementary Table 1), and find close 
correspondence, with an R2 of 0.91 and a slope of 1.017 (Supplementary Figure 86). 

Based on these comparisons, we limit our analyses to larger glaciers (>2km2 in area) which are more likely to 
show a clear velocity signal.  We also remove surging glaciers from consideration for further processing, which 
we identify based on the RGI6.0 attributes and with data from 6. We additionally identify glaciers with erratic 
surface lowering or mass balance patterns, also indicative of surging or lower quality source data. In particular, 
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we limit our glaciers for further analysis to those that satisfy the following conditions: the altitudinal dH/dt 
profile has a standard deviation of less than 3 m a-1 and the dH/dt profile has a nonnegative correlation with 
elevation. We consider these characteristics to be indicative of surging behaviour. Finally, we only retain glaciers 
with the following criteria, which we consider to be indicative of higher quality input data and results: the 
optimized ELA has an Accuracy of at least 0.5, the detrended SMB profile has a standard deviation of less than 3 
m w.e. a-1; and the mean SMB uncertainty is less than 3 m w.e. a-1. 

SUPPLEMENTARY NOTE 2: COMPARISON TO RESULTS OF BISSET ET AL (2020) 
We additionally compare our results to those of 10 (hereafter, B2020), who examined a population of 25 glaciers 
across High Mountain Asia using a continuity approach similar to our own but with distinct dH/dt data and 
manual processing of glacier segments. Their analysis was restricted to larger glaciers generally comparable to 
those included in our analysis, and thus provides a good assessment of whether our results are 1) reasonable in 
terms of spatial pattern and 2) consistent with prior estimates.  Crucially, that study did not use field 
measurements for validation, but compared the altitudinal mass balance gradients in the clean ice ablation area 
to those reported in past studies. 

The results of this comparison are presented in Supplementary Figures 61-85.  Our results are very consistent 
with those of B2020. Differences are apparent in the segmentation approach, which often leads to a clearer 
mass balance gradient in the B2020 results as glaciers may be segmented to avoid erroneous input data. 
However, this is mostly due to small glacier segments in our analysis, which can occasionally reveal important 
mass balance differences along tributaries but give the appearance of an erratic mass balance profile. It is 
important to note that B2020 focused only on the main glacier trunks, and in these areas our estimates agree 
closely. Finally, we note that our uncertainty estimates are generally also in agreement with those of B2020.  

SUPPLEMENTARY NOTE 3: COMPARISON TO ELA ESTIMATES 
Second, we assembled independent ELA estimates for glaciers within the region. Numerous previous studies 
have reported ELAs for individual glaciers based on field measurements, but these estimates correspond almost 
exclusively to the glaciers listed above for the SMB validation. Instead, we focus on independent estimates, 
which have primarily used the on-glacier snowline altitude at the end of the ablation season to indicate the 
annual ELA.  While these metrics are not precisely the same, they tend to correspond closely 11. Results from 
these studies generally are compiled for several years within our study period, so we expect the mean value to 
be reasonably comparable to our 16-year effective ELA.  We therefore compare our ELA estimates to those of 
12, who provide a value for each of 287 glaciers across the main Himalayan Arc, on a glacier-specific basis 
(Supplementary Figure 87). We also compare the results of selected studies of seasonal snowline elevations 13–

17 to our ELA estimates for the corresponding area (Supplementary Figure 88). We additionally compare our 
results to the ELAs estimated by 18 based on debris-covered area extent (Supplementary Figure 89). These past 
studies collectively represent a small fraction of the glacier area in our study, but are well distributed across the 
entire region.  These three comparisons demonstrate a close correspondence of ELA values between our results 
and published estimates.   

SUPPLEMENTARY NOTE 4: SENSITIVITY TO ICE THICKNESS MODEL 
While we are confident in the applicability of the continuity approach to reconstruct SMB estimates based on 
past applications 19–27, there is some circularity to the approach based on the modelled ice thickness distributions 
of 9. Some of the contributing thickness models are based on the flux reconstruction method, and assume a 
climatic-basal mass balance gradient to determine ice fluxes in the first place. This is the case for 28, and the 
method of 29 implements a similar flux-reconstruction approach, but updates the thickness field based on 
velocity observations (this is probably the most relevant for our approach). While this circularity could be 
problematic in terms of the estimated pattern and value of SMB, the consensus results 9 are presently the most 
robust estimates of ice thickness for mountain glaciers globally.  Past implementations of the continuity 
approach have ignored this circularity problem entirely and derived indicative mass balance patterns 26, even in 
the case of debris-covered glaciers 10.  

It is important to note that the consensus ice thickness 9 that we use is not based exclusively on this flux-
reconstruction approach - the method of 30 uses an entirely independent approach based on basal shear stress 
estimation, which may partially mitigate against the circularity.  In addition, we have validated the SMB patterns 
and derived ELAs using all available data, and most results are satisfactory. For our purposes, we consider the 



4 
 

consensus ice thickness results to be the best ice thickness dataset currently available, and have represented its 
uncertainty in our results. There is certainly room for improvement of ice thickness models to better account for 
relevant processes, including distinct tributaries and the effects of debris cover.  Future efforts should revisit the 
SMB patterns and integrate the continuity equation and velocity observations systematically into a globally-
applicable model, but this is out of our current scope. 

Nonetheless, to assess the severity of this circularity problem for our results, we test the sensitivity of our 
method to the five different bed models. We thus apply our approach to each ice thickness dataset contributing 
to the consensus estimate. We pay particular attention to differences between Models 1 and 2, which 
correspond to fundamentally different approaches to model glacier thickness. Below are depictions of regional 
(Supplementary Figure 90) and subregional (Supplementary Figures 91-92) glacier mass balance profiles from 
each method, along with deviations in the derived ELA, AAR, and balance ratio values (Supplementary Figures 
93-95). It is important to note that Models 3-5 have only partial coverage within our domain, so mass balance 
profiles are not comparable in all cases. Accounting for the variable coverage of the distinct models, the results 
are quite consistent at the regional and subregional scale in terms of mass balance profiles.  In addition, it is 
clear that significant deviations in ELA and AAR only occur for a minority of glaciers. Moreover, the deviations 
from the consensus thickness results for models 1 and 2 do not have opposite signals, which indicates no 
systematic difference.  Based on these results, we are quite confident that our use of the consensus ice thickness 
is not compromised by the potential circularity of contributing thickness models.  
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SUPPLEMENTARY TABLES 
Supplementary Table 1. Glaciers in High Mountain Asia for which we could access measurements of surface mass balance, and qualitative summary of our results. 

N RGIID Name Country Lat. Long. Area 
(km2) 

N  
yrs 

Sources Obs. Years  Qualitative performance Abl. Grad  
m w.e.  

(m a.s.l.)-1 

Field 
ELA 

m a.s.l. 

Our ELA 
m a.s.l. 

Median abs. 
deviation SMB  

(m w.e. a-1) 

% deviation  
< 0.2 m  
w.e. a-1 

1 13.06361 Kara-Batkak Kyrgyz. 42.140 78.273 2.046 4 WGMS 2014-2017 Poor; no observed velocity 0.0041 4082 3926 0.016 78% 

2 13.06974 Batysh Sook Kyrgyz. 41.787 77.749 0.954 4 WGMS, Kenzhebaev 
et al. (2017) 

2011-2014 Good fit, no observed 
velocity 

0.0058 4273 4209 0.005 98% 

3 13.07064 Glacier N354 Kyrgyz. 41.793 78.164 6.537 6 WGMS, Hoelzle et 
al., (2017) 

2011-2016 Good fit, little observed 
velocity 

0.0068 4222 4360 0.002 92% 

4 13.08054 Bordu (North) Kyrgyz. 41.813 78.175 5.557 2 WGMS 2016-2017 Good fit, no observed 
velocity 

0.0039 4459 4231 0.005 100% 

5 13.08055 Sary Tor Kyrgyz. 41.827 78.181 2.925 3 WGMS, Hoelzle et 
al., (2017) 

2015-2017 Good fit, no observed 
velocity 

0.0044 4511 4716 0.005 100% 

6 13.08624 Ts. Tuyuksuyskiy Kyrgyz. 43.044 77.081 2.838 17 WGMS 2000-2016 Poor; little observed 
velocity 

0.0064 3830 3765 0.008 98% 

7 13.10093 Glacier N599 Kyrgyz. 42.793 76.867 2.234 2 WGMS 2015-2016 No dH/dt data --- --- --- --- --- 

8 13.11609 Golubin Kyrgyz. 42.454 74.498 4.827 6 WGMS, Hoelzle et 
al., (2017) 

2011-2016 Poor, likely velocity 
underestimation 

0.0091 3777 3835 0.014 79% 

9 13.18096 Abramov Kyrgyz. 39.620 71.560 21.345 5 WGMS, Hoelzle et 
al., (2017) 

2012-2016 Good fit 0.0084 4191 4146 0.017 87% 

10 13.24602 Xiaodongkemadi  China 33.082 92.063 15.97 10 Yao et al., 
(2012)***; Liang, 
Cuo, & Liu, (2018); 
R. Wang, Liu, 
Shangguan, Radić, & 
Zhang, (2019)  

unknown No dH data --- --- --- --- --- 

11 13.28839 Gurenhekou  China 30.193 90.447 1.333 6 Yao et al., 
(2012)***; Yu et al., 
2013) 

2004-2010 Good, but no velocity, no 
accumulation 

0.0088 5788 5978 0.023 80% 

12 13.32330 Qiyi  China 39.237 97.755 2.531 10 Liang et al., (2018); 
Wang et al., (2019); 
Wu, He, Jiang, & 
Wang, (2016)  

unknown No velocity data --- --- --- --- --- 

13 13.41891 Muztag Ata China 38.230 75.050 1.087 

† 

5 Wang et al., 2019;  
Yao et al., 
(2012)***; Zhu, Yao, 
Yang, Xu, Wu, Wang, 
et al., (2018) 

2002, 
2006-2010 

Good fit, little observed 
velocity 

N/A 5480 5532 0.025 81% 

14 13.45336 Urumqi N1 China 43.118 86.811 0.458 

†† 

15 WGMS 2000, 
2001, 
2004-2016 

No velocity data --- --- --- --- --- 

15 13.49645 Zhongxi China 30.868 91.443 2.579 3 Yao et al., (2012)*** 2007-2010 No dH/dt data --- --- --- --- --- 

†Split into multiple polygons in RGI. ††Multiple glaciers share one polygon in RGI. *Continuity approach. **Idealised SMB profile. ***SMB contours.  N/A indicates that  a 
value could not be determined from the data. ‘Deb’ indicates that ablation measurements are only available for the debris-covered area, so no ablation gradient is reported.
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Supplementary Table 1 (continued). Glaciers in High Mountain Asia for which we could access measurements of surface mass balance, and summary of our results. 

N RGIID Name Country Lat. Long. Area 
(km2) 

N  
yrs 

Sources Obs. Years  Qualitative performance Abl. Grad  
m w.e.  

(m a.s.l.)-1 

Field 
ELA 

m a.s.l. 

Our ELA 
m a.s.l. 

Median abs. 
deviation SMB  

(m w.e. a-1) 

% deviation  
< 0.2 m  
w.e. a-1 

16 13.49754 Zhadang  China 30.472 90.639 1.506 2 Yu et al., (2013); 
Zhu, Yao, Yang, Xu, 
Wu, & Wang, (2018) 

2005-2007 OK, but no velocity, no 
accumulation 

0.0081 5797 5965 0.017 85% 

17 14.11566 Naradu India 31.286 78.431 3.017 7 Koul & Ganjoo, 
(2010) 

2000-2002 OK fit, little observed 
velocity 

0.003 4950 5282 0.047 82% 

18 14.14383 Stok India 33.977 77.45 0.782 5 Soheb et al., (2020) 2014-2019 No velocity data   --- --- --- 

19 14.15536 Hamtah India 32.227 77.517 3.434 1 Laha et al., (2017)** 2008 Very good fit 0.0032 4784 4522 0.030 88% 

20 14.15990 Chhota Shigri India 32.280 77.520 16.764 

†† 

12 Azam et al., (2016); 
Wagnon et al., 
(2007) 

2002-2013 Good, some velocity gaps 0.0054 5107 4767 0.076 71% 

21 14.16041 Sutri Dhaka India 33.400 77.500 20.384 2 Pratap et al., (2019); 
Sharma et al., (2016) 

2015-2016 Poor; velocity gaps and 
underestimation 

0.0063 5505 4959 0.086 59% 

22 15.02291 Ganju La Bhutan 27.940 89.950 0.329 

† 

3 Tshering & Fujita, 
(2016) 

2003, 
2012-2013 

No velocity data --- --- --- --- --- 

23 15.03416 Pokalde Nepal 27.927 86.831 0.107 6 Sherpa et al., (2017); 
Wagnon et al., 
(2013) 

2010, 
2012-2014 

Good fit, no observed 
velocity 

0.0157 5606 5730 0.051 85% 

24 15.03448 Trambau Nepal 27.880 86.530 28.574 

†† 

3 Sunako, Fujita, 
Sakai, & Kayastha, 
(2019) 

2016-2019 Very good, slight offset 0.0063 5816 5838 0.035 82% 

25 15.03507 AX010  Nepal 27.716 86.556 0.421 4 Fujita, Kadota, Rana, 
Kayastha, & Ageta, 
(2001); Fujita & 
Nuimura, (2011); 
Wang et al. (2019) 

1995-1999 Poor; no observed velocity 0.0143 5207 N/A 0.063 70% 

26 15.03586 Mera Nepal 27.700 86.900 1.436 

†† 

8 WGMS, Sherpa et 
al., (2017); Wagnon 
et al., (2013) 

2007-
2010, 
2012-2013 

Good fit, little observed 
velocity 

0.0059 5446 5854 0.040 72% 

27 15.03733 Khumbu Nepal 27.975 86.903 19.097 * Nuimura et al., 
(2011) 

1995-2004 Very good, but velocity 
gaps 

Deb N/A 5318 0.050 79% 

28 15.03734 Changri Nup Nepal 27.980 86.770 12.451 

†† 

5 Sherpa et al., (2017); 
Vincent et al., (2016) 

2010-2015 Very good fit 0.0096 5608 5557 0.007 92% 

29 15.03954 Yala Nepal 28.236 85.618 2.107 4 WGMS, Acharya & 
Kayastha, (2018); 
Baral et al., (2014) 

2012-2015 Underestimation; no 
observed velocity 

0.0118 5434 5552 0.007 90% 

30 15.04045 Lirung Nepal 28.239 85.556 1.46 † 1, 
 * 

Own data 2000-
2010; 
2013 

Good pattern,  slight 
underestimation 

Deb N/A 4550 0.025 92% 

31 15.04847 Rikha Samba Nepal 28.827 83.490 6.504 

†† 

2 Gurung et al., (2016) 2011-2012 Good; likely velocity 
underestimation 

0.007 5870 N/A 0.047 82% 

†Split into multiple polygons in RGI. ††Multiple glaciers share one polygon in RGI. *Continuity approach. **Idealised SMB profile. ***SMB contours.  N/A indicates that  a 
value could not be determined from the data. ‘Deb’ indicates that ablation measurements are only available for the debris-covered area, so no ablation gradient is reported. 
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Supplementary Table 1 (continued). Glaciers in High Mountain Asia for which we could access measurements of surface mass balance, and summary of our results. 

N RGIID Name Country Lat. Long. Area 
(km2) 

N  
yrs 

Sources Obs. Years  Qualitative performance Abl. Grad  
m w.e.  

(m a.s.l.)-1 

Field 
ELA 

m a.s.l. 

Our ELA 
m a.s.l. 

Mean bias field 
vs our SMB  
(m w.e. a-1) 

% deviation  
< 0.5 m  
w.e. a-1 

32 15.06777 Dunagiri India 30.558 79.894 2.4 1** Laha et al., (2017)** 1986** Good pattern; suspect MB 
profile 

0.0027 4913 4656 0.180 51% 

33 15.07122 Satopanth India 30.790 79.414 49.314 

†† 

2 Singh, Banerjee, 
Nainwal, & Shankar, 
(2019) 

20142016 Very good fit Deb N/A 4641 0.015 100% 

34 15.07143 Chorabari India 30.793 79.041 3.199 7 WGMS, Dobhal, 
Mehta, & 
Srivastava, (2013) 

2011-2012 Poor; little observed 
velocity 

0.0029 5094 4617 0.422 47% 

35 15.07605 Dokriani India 30.843 78.825 6.518 4 Pratap, Dobhal, 
Mehta, & Bhambri, 
(2015) 

2009-2012 Poor; little observed 
velocity 

0.0036 5122 4933 0.629 34% 

36 15.07645 Baishui Glacier 
N1 

China 27.104 100.187 1.281 4 Yu, He, Li, Wang, & 
Niu, (2015) 

2008, 
2011-2012 

No velocity data --- --- ---   

37 15.09026 Naimona'nyi China 30.455 81.323 7.348 5 Yao et al., 
(2012)***; Zhao et 
al., (2016) 

2005-2010 OK fit, little observed 
velocity 

0.0032 6186 6039 0.009 81% 

38 15.10263 Kangwure China 28.470 85.816 1.872 

† 

3 Yao et al., (2012)*** 2005, 
2009-2010 

OK fit, little observed 
velocity 

0.0085 5979 N/A 0.013 83% 

39 15.11758 24K China 29.752 95.729 6.083 1 Wei, Tandong, 
Baiqing, & Hang, 
(2010) 

2007 Very good, slight offset 0.019 4318 4192 0.056 79% 

40 15.11962 Parlung 12 China 29.303 96.902 0.23 5 Yao et al., (2012)*** 2005-2010 OK, no observed velocity 0.007 5438 5358 0.020 76% 

41 15.11963 Parlung 10 China 29.286 96.904 4.433 4 Yao et al., (2012)*** 2005-2009 Good pattern,  slight 
underestimation 

0.0086 5408 5379 0.016 81% 

42 15.11973 Parlung N94 China 29.386 96.976 11.858 11 WGMS 2006-2016 Highly variable; erratic 
velocity pattern 

0.011 5287 5149 0.251 40% 

43 15.12707 Parlung 390 China 29.357 97.019 0.372 4 Yao et al., (2012)*** 2006-2010 OK fit, little observed 
velocity 

0.0078 5443 N/A 0.030 97% 

†Split into multiple polygons in RGI. ††Multiple glaciers share one polygon in RGI. *Continuity approach. **Idealised SMB profile. ***SMB contours.  N/A indicates that  a 
value could not be determined from the data. ‘Deb’ indicates that ablation measurements are only available for the debris-covered area, so no ablation gradient is reported. 
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Supplementary Table 2. Assessment of bias of glacier subset in terms of geodetic mass balance and 

interpretation in terms of impact on AAR based on relationship between geodetic mass balance and AAR 

(Supplementary Figure 12). We note that the subset geodetic biases are less that the mass balance uncertainty 

for all regions, and infer AAR uncertainty of a similar magnitude. We also calculate the regional average specific 

mass balance based on our glacier subset, and compare it to that derived by the geodetic data alone for the 

same glaciers 63. 

 Biases of subset to whole region Mean geodetic mass balance from dH/dt  Subregional mean SMB  

Region 
Geodetic MB  

bias  (m w.e./a) 

Apparent  

AAR bias (-) 

Subset 

(m w.e./a) 

All >2km2 

(m w.e./a) 

All  

(m w.e./a) 

Subset mean 

SMB  

(m w.e. /a) 

Difference to subset 

geodetic MB  

(m w.e. /a) 

Inner TP 0.04 0.03 -0.10 ± 0.03 -0.08 -0.14±0.07 -0.21 ± 0.04 -0.11 ± 0.05 

Kunlun 0.02 0.02 0.16 ± 0.04 0.14 0.14±0.08 0.02 ± 0.06 -0.14 ± 0.07 

Pamir Alai -0.02 -0.02 -0.06 ± 0.07 -0.07 -0.04±0.07 -0.17 ± 0.12 -0.11 ± 0.14 

Nyainqentangla 0.13 0.11 -0.49 ± 0.08 -0.52 -0.62±0.23 -0.68 ± 0.13 -0.19 ± 0.15 

Everest 0.00 0.00 -0.33 ± 004 -0.30 -0.33±0.20 -0.43 ± 0.09 -0.10 ± 0.10 

Bhutan 0.05 0.04 -0.37 ± 0.05 -0.37 -0.42±0.20 -0.46 ± 0.18 -0.09 ± 0.19 

West Nepal 0.09 0.07 -0.23 ± 0.22 -0.33 -0.34±0.09 -0.46 ± 0.23 -0.23 ± 0.32 

Karakoram 0.02 0.01 -0.01 ± 0.04 -0.04 -0.03±0.07 -0.13 ± 0.08 -0.12 ± 0.09 

Spiti Lahaul -0.05 0.04 -0.42 ± 0.12 -0.39 -0.37±0.09 -0.51 ± 0.15 -0.09 ± 0.19 

Pamir -0.02 -0.02 -0.10 ± 0.03 -0.10 -0.08±0.07 -0.17 ± 0.07 -0.07 ± 0.08 

Hindu Kush -0.01 0.01 -0.13 ± 0.08 -0.11 -0.12±0.07 -0.21 ± 0.27 -0.08 ± 0.28 

Tien Shan 0.07 0.05 -0.21 ± 0.04 -0.20 -0.28±0.20 -0.34 ± 0.08 -0.13 ± 0.10 

All 0.02 0.03 -0.16 ± 0.02 -0.14 -0.18±0.04 -0.28 ± 0.03 -0.12 ± 0.04 

 
 
 
Supplementary Table 3. Summary of the results for each subregion, including processed glacier area (Area) and 
percent of regional area of glaciers over 2 km2, processed number (N) and percent of regional glaciers over 2 
km2, area-weighted mean and standard deviation of ELAs and AARs, percentage of analysed glaciers with low or 
high AARs, modelled volume change by 2100 (Implied ∆V) and uncertainty, and the ablation balance ratio 
(Balance Ratio) and uncertainty. Note that these values correspond to the subset of glaciers which we have 
processed for the region. 
 Area N ELA ELA   

std 
AAR AAR  

std 
AAR  
<0.2 

AAR  
>0.7 

Implied  
∆V 

Implied  
∆V unc 

TotAbl TotAbl  
unc 

Region km2 % - % m a.s.l. m a.s.l. - - % % % % Gt a-1 Gt a-1 

Inner TP 5189 64% 764 58% 5700 360 0.40 0.31 36% 21% -16% 2% 43% 8% 

Kunlun 5116 64% 585 67% 5464 428 0.77 0.26 8% 74% 2.1% 0.2% 114% 24% 

Pamir Alai 446 53% 96 63% 4115 399 0.54 0.33 32% 27% -17% 2% 58% 9% 

Nyainqentangla 2608 59% 417 67% 5350 418 0.26 0.25 50% 7% -57% 15% 38% 6% 

Bhutan 1054 69% 163 70% 5839 447 0.41 0.26 36% 7% -36% 4% 41% 4% 

West Nepal 2091 69% 343 79% 5581 438 0.40 0.26 37% 12% -38% 6% 39% 6% 

Karakoram 5862 34% 877 70% 5395 546 0.57 0.34 31% 37% -11% 1% 71% 12% 

Spiti Lahaul 3381 76% 543 76% 5200 483 0.38 0.26 41% 8% -40% 5% 38% 5% 

Pamir 1022 22% 251 45% 4930 383 0.47 0.28 27% 19% -17% 1% 56% 8% 

Hindu Kush 1999 66% 316 68% 4837 408 0.55 0.29 23% 28% -16% 1% 66% 6% 

Tien Shan 5028 68% 768 79% 4262 395 0.43 0.30 42% 17% -31% 5% 44% 8% 

All 36656 56% 5527 68% 5283 678 0.51 0.32 41% 31% -23% 1% 50% 3% 
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Supplementary Table 4. Summary of outcomes for each of the principal drainage basins in High Mountain Asia, 
following the AOP basins. Note that most results report values from our subset of glaciers, as in Supplementary 
Table 3, while Balance and Total Ablation values are extended to represent the entire river basin (Methods). 

 Area 
 

N 
 

ELA ELA   
std 

AAR AAR 
std 

AAR 
<0.2 

AAR 
>0.7 

Implied 
∆V 

Implied 
∆V unc 

BalAbl BalAbl 
unc 

TotAbl TotAbl 
unc 

Basin km2 % - % m a.s.l. m a.s.l. - - % % % % % % Gt a-1 Gt a-1 

Lake Balkash 1343 47% 256 88% 4057 280 0.37 0.27 47% 8% -42% 7% 43% 10% 2.06 0.27 

Syr Darya 682 29% 145 70% 4210 319 0.48 0.33 42% 21% -27% 3% 59% 17% 1.54 0.26 

Gobi Interior 714 31% 118 61% 4248 487 0.39 0.29 53% 12% -38% 7% 45% 11% 2.05 0.27 

Amu Darya 2153 20% 471 53% 4885 492 0.51 0.30 30% 23% -20% 2% 66% 40% 5.45 1.95 

Tarim Interior 11826 43% 1540 69% 5258 574 0.66 0.32 20% 48% -12% 1% 78% 48% 10.74 4.12 

Tibetan 
Plateau 
Interior 

1066 40% 143 48% 5934 230 0.42 0.31 44% 14% -27% 2% 47% 13% 1.28 0.18 

Yangtze 983 45% 111 55% 5739 206 0.45 0.30 44% 13% -25% 4% 55% 15% 1.40 0.21 

Indus 9283 34% 1398 72% 5243 579 0.50 0.31 35% 22% -26% 3% 65% 23% 17.8 3.64 

Ganges - 
Bramaputra 

8119 44% 1248 72% 5701 507 0.37 0.27 42% 11% -43% 8% 48% 9% 18.3 1.62 

Salween 431 34% 61 69% 5549 295 0.32 0.25 52% 8% -60% 13% 40% 12% 1.48 0.25 

Mekong 49 21% 11 61% 5331 305 0.40 0.33 55% 18% -45% 12% 49% 25% 0.20 0.059 

 

 

 

 

Supplementary Table 5. Comparison of our results for balance portion of glacier ablation to previous studies. Illi 

combines Balkhash and Gobi in our results. Bahmaputra and Ganges combined in our results. Amu Darya and 

Syr Darya combined as Aral in 64. Chu/Issyk-Kul from 64 is within Syr Darya in our results. 

 Our results Shean et al (2020) 65 Pritchard (2019) 64 Gardelle et al (2013) 14 

Period 2000-2016 2000-2018 drought year, 1951-2007 1999-2011 
Imbalance Brun et al (2017) 63 Shean et al (2020) Brun et al (2017) Gardelle et al (2013) 

Balance SMB inversion Rounce et al (2020) 66 Updated Kaser (2010) Kaser (2010) 67 

 

Total 
(Gt) 

Imbalance 
(Gt) 

Balance 
ratio 

Total 
(Gt) 

Imbalance 
(Gt) 

Balance 
ratio 

Total 
(Gt) 

Imbalance 
(Gt) 

Balance 
ratio 

Total 
(Gt) 

Imbalance 
(Gt) 

Balance 
ratio 

Amu Darya 5.5 1.8 66% 10.4 1.32 88% 7.7* 1.2 84%  -  - -  
Brahmaputra 

18.3 9.5 48% 
22.5 5.23 77% 5.6 4.9 10% 5.7 4.6 18% 

Ganges 11.6 3.26 71% 3.3 2.6 20% 4.7 3.3 31% 
Ili 4.1 2.3 44% 3.9 2.00 47% 1.7 1.1 40%  - - - 
Indus 17.8 6.2 65% 26.0 4.55 82% 14.9 4.2 71% 6.6 3.3 51% 
Inner TP 1.3 0.7 47% 3.3 1.12 60% - -  - - - - 
Inner TP ext - - - 2.1 0.70 65% - -  - - - - 
Mekong 0.2 0.1 49% 0.3 0.11 62% - -  - - - - 
Salween 1.5 0.9 40% 2.0 0.75 63% - - - - - - 
Syr Darya 1.5 0.6 59% 2.6 0.43 84% * * * - - - 
Tarim 10.7 2.4 78% 11.4 2.40 74% 3.6 0 100% - - - 
Yangtze 1.4 0.6 55% 2.6 0.76 70% - -  - - - - 

Total 62.3 25.2 60% 98.7 22.6 81% 36.9 14.0 62% - - - 
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Supplementary Table 6. Density assumptions for the dH/dt signal in Equation 1. Each assumed density has an 
uncertainty 𝜎𝜌of approximately 60 kg m-3 68. 

 Emergence > 0 (𝛻 ∙ 𝐪 < 0) Emergence <= 0 (𝛻 ∙ 𝐪 >= 0) 

dH/dt >= 0 Dynamic input, possibly mixed signal; 
if abs(dH/dt)>abs(𝛻 ∙ 𝐪), implies 
accumulation:  𝜌𝑑𝐻  = 600 kg m-3 

if abs(dH/dt)<abs(𝛻 ∙ 𝐪), implies ablation 
and/or mixed signal: 𝜌𝑑𝐻  = 850 kg m-3 

Annual accumulation; 𝜌𝑑𝐻= 600 kg m-3 

dH/dt < 0 Annual ablation; 𝜌𝑑𝐻  = 900 kg m-3 Dynamic losses, possibly also mixed signal; if 
abs(dH/dt)>abs(𝛻 ∙ 𝐪), implies net ablation:  
𝜌𝑑𝐻  = 900 kg m-3 

If abs(dH/dt)<abs(𝛻 ∙ 𝐪), implies mixed 
ablation and accumulation: 𝜌𝑑𝐻= 850 kg m-3 
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Depiction of principal steps in workflow for calculating ice flux and specific mass balance 
on a pixel basis according to Equation 1. The glacier depicted is Glacier 354 (reoriented). 

 

Supplementary Figure 2. Depiction of balance ablation calculation. Note that the ‘committed loss’ idealised 
here depicts the area of the glacier unsupported by accumulation in the contemporary mass balance regime, 
which corresponds to the source area of ‘imbalance ablation’. Our calculation of implied mass change 
additionally accounts for changes in glacier geometry in response to the mass budget’s imbalance.  
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Supplementary Figure 3. ELA determination for Glacier 354 (RGIID 13.07064), showing gridded mass balance 
data and 100 m elevation contours (left) and the segmentation accuracy with respect to elevation (right). For 
both plots the derived ELA is shown as a dashed red line. For this glacier we derive an ELA of 4260 m a.s.l. and 
an AAR of 0.38. 

 

 
Supplementary Figure 4. ELA determination for Abramov Glacier (RGIID 13.18096), showing gridded mass 
balance data and 100 m elevation contours (left) and the segmentation accuracy with respect to elevation 
(right). For both plots the derived ELA is shown as a dashed red line. For this glacier we derive an ELA of 4163 
and an AAR of 0.59. 
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Supplementary Figure 5. ELA determination for Hamtah Glacier (RGIID 14.15536), showing gridded mass balance 
data and 100 m elevation contours (left) and the segmentation accuracy with respect to elevation (right). For 
both plots the derived ELA is shown as a dashed red line. For this glacier we derive an ELA of 4543 m a.s.l. and 
an AAR of 0.35. 

 

 

Supplementary Figure 6. ELA determination for 24K Glacier (RGIID 15.11758), showing gridded mass balance 
data and 100 m elevation contours (left) and the segmentation accuracy with respect to elevation (right). For 
both plots the derived ELA is shown as a dashed red line. For this glacier we derive an ELA of 4194 and an AAR 
of 0.87. 
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Supplementary Figure 7. Context of glaciers in High Mountain Asia (a), along with mean specific mass balance 
(SMB) profiles for the 2000-2016 period for each subregion, shown relative to elevation (b) and normalized to 
each glacier’s elevation range (c). The profiles are area-weighted averages for all elevations bins with glacier 
area > 10 km2. Line styles are varied only to differentiate between the lines. Uncertainty and dH/dt signals are 
shown for each subregion in Supplementary Figures 11-12. Glaciers are shown in white, with a background 
hillshade of the GTOPO30 dataset sourced from the USGS (https://doi.org/10.5066/F7DF6PQS). 

https://doi.org/10.5066/F7DF6PQS
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Supplementary Figure 8. Regional and subregional specific mass balance versus elevation. Note that the error 
bars correspond to the weighted mean uncertainty, not the uncertainty of the mean. The profiles are area-
weighted averages for all elevations bins with glacier area > 10 km2.  

 

Supplementary Figure 9. Regional and subregional specific mass balance versus normalized elevation.  Note that 
the error bars correspond to the weighted mean uncertainty, not the uncertainty of the mean.  The profiles are 
area-weighted averages for all elevations bins with glacier area > 10 km2.  
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Supplementary Figure 10. Distribution of derived clean-ice ablation-area mass balance gradients, showing 
results for individual glaciers with R2>0.8. The mean ablation area mass balance gradient for these glaciers is 
0.0043 m w.e. (m a.s.l.)-1, and the area-weighted mean is 0.0055 m w.e. (m a.s.l.)-1. We find considerable 
variability between adjacent glaciers due to each glacier’s unique setting. At the regional scale, the values follow 
a lognormal distribution with μ = -2.45 and σ = 0.29. Also shown are the subregional mean values, which show 
slightly higher ablation gradients in the Himalayas, Tien Shan, and Hindu Kush ranges. Note that our results 
closely match those of 10 which conform to field-derived ablation gradients. 
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Supplementary Figure 11. Comparison of glacier-wide mass balances computed using thinning data and a density 
of 850 kg km3 as in 63 and our results accounting for ice dynamics and density differences in accumulation and 
ablation areas (Supplementary Table 6). The median bias is of the dH/dt result is +0.07 m w.e.a-1 due to an 
overestimation of mass accumulation. This comparison is also performed subregionally (see Figure 1). 

 

Supplementary Figure 12. Boxplot depicting the relationship of mean geodetic mass balance (calculated with 
the mean SMB from our results) to Accumulation Area Ratio (AAR) for our subset of analysed glaciers. Boxes 
correspond to the 25th and 75th centile values in each range, while the black line depicts the median. 
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Supplementary Figure 13. Glacier-specific uncertainty of ELAs and AARs derived from the Monte Carlo analysis, 
also indicating regional median (black) and area-weighted mean (blue) values of each.  Surprisingly little change 
occurs with perturbed input data (see Methods). This is likely an uncertainty underestimation for both 
parameters as it assumes that SMB errors are uncorrelated across the glacier surface.  
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Supplementary Figure 14. Distribution of ELA and AAR uncertainties based on a systematic 1-sigma increase or 
decrease in SMB, also indicating the 68th centile values. This uncertainty is likely to be conservative, as it 
assumes that SMB uncertainty is perfectly correlated across the entire glacier. This ELA uncertainty is not 
symmetrical, as uncertainty in accumulation areas is higher than in ablation areas.  Thus, if there were a positive 
systematic bias in our SMB results (i.e. if the real SMB = SMB - σSMB), extensive accumulation areas would be 
converted to ablation areas. If there were a negative bias in our SMB results (i.e. if the real SMB = SMB +  σSMB), 
a small portion of ablation areas would be converted to accumulation areas.  
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Supplementary Figure 15. Distribution of ELA values relative to glacier hypsometry for each subregion.  ELAs 
generally follow glacier hypsometry, but Pamir, Pamir Alai, Kunlun, and Karakoram subregions show a bias to 
lower elevations, while Nyainqentangla and Bhutan subregions show a bias to higher elevations. 
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Supplementary Figure 16.The deviation of ELA to median glacier elevation (Zmed) across High Mountain Asia 
shows a slight bias and skew to higher ELAs but high variability; the resulting median absolute deviation (MAD) 
is 197 m. The observed pattern is intimately related to AAR. 
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Supplementary Figure 17. Frequency of glaciers with low (left) and high (right) AARs in each subregion. 

 

 

Supplementary Figure 18. Histograms of AAR with respect to glacier size, distinguishing between glaciers larger 
and smaller than 5 km2. The solid line indicates the population median AAR, while the dashed line indicates the 
area-weighted mean. 
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Supplementary Figure 19. Topographic availability for glaciers across HMA, based on hypsometry of each 
subregion represented in the GTOPO30, showing key elevations for glaciers: minimum and maximum glacier 
elevations (grey dashed lines), median of glacier minimum elevations (black line), median of glacier median 
elevations (red line), and ELA (blue line). The blue shaded area corresponds to topography above the regional 
ELA, and is compared to the total regional area above the median-minimum and median-median glacier 
elevations (black and red values, respectively). The value in blue is the regional AAR. 

 

Supplementary Figure 20. Glacier-specific uncertainty of ablation balance ratio derived from the Monte Carlo 
analysis, also indicating regional median (black) and area-weighted mean (blue) values of each.  As with ELA 
and AAR, this uncertainty estimate may not fully represent systematic errors.  
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Supplementary Figure 21. Importance of glacier melt in the context of mountain water tower importance 
(index) and vulnerability 69, depicting river basins by the total annual volume of glacier ablation, and the in-
balance portion of ablation which is compensated annually by glacier accumulation. 

 

Supplementary Figure 22. Results of baseline scenario of glacier volume change according to observed mass 
balance regime (Methods) for 5527 individual glaciers and for the total regional modelled volume. 
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Supplementary Figure 23. Distribution of glacier-specific volume changes by 2100 and 2200 under the recent 
mass-balance regimes, as well as spatial coherence of subregional volumetric change by 2100 (Supplementary 
Tables 3-4).  

 

 

Supplementary Figure 24. Sites for which glaciological mass balance measurements are available encompassing 
at least one entire year. Numbers correspond to Supplementary Table 1. 
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Supplementary Figure 25. Results for glacier 13.06361, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux, and our results closely match the surface elevation changes but not the 
reference mass balance measurements (upper left). 
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Supplementary Figure 26. Results for glacier 13.06974, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux. Our results closely match the surface elevation changes and the reference 
mass balance measurements (upper left), suggesting that the low flux is correct in this case. 
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Supplementary Figure 27. Results for glacier 13.07064, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux. Our results closely match the surface elevation changes and the reference 
mass balance measurements (upper left), suggesting that the low flux is correct in this case. The disagreement 
at lower elevations corresponds to the mapped debris-covered area (black lines, lower right) but this is most 
likely due to glacier retreat. 
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Supplementary Figure 28. Results for glacier 13.08054, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux, and our results closely match the surface elevation changes. The reference 
mass balance measurements indicate considerable variability between years, so it is difficult to tell whether the 
mismatch is attributable to incorrect ice fluxes or mass balance interannual variability and measurement year 
bias. 
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Supplementary Figure 29. Results for glacier 13.08055, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux, and our results closely match the surface elevation changes but not the 
reference mass balance measurements (upper left). 
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Supplementary Figure 30. Results for glacier 13.08624, as well as inputs and reference mass balance 
measurements. For this glacier, little ice motion is observable in the satellite observations (lower right), so our 
method models near-zero ice flux, and our results closely match the surface elevation changes but not the 
reference mass balance measurements (upper left). 
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Supplementary Figure 31. Visual comparison of results for glacier 13.08624 to contemporary satellite image 
(courtesy ESRI). The mass balance at the RGI outline terminus, identified by the red box in all three panels, is 
negative for the 2000-2016 period. This area shows a reversed ablation gradient, but, as is apparent from the 
optical satellite image, this is not debris-covered ice (as erroneously indicated by the 70 dataset). The reversed 
ablation gradient is instead due to thinning and retreat at the terminus of this glacier.  
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Supplementary Figure 32. Results for glacier 13.11609, as well as inputs and reference mass balance 
measurements. For this glacier, localized ice motion is observable in the satellite observations (lower right), but 
the velocity is not measurable in the lower glacier tongue. Consequently, our method models near-zero ice flux 
in this lower-elevation area, and our results closely match the surface elevation changes but not the reference 
mass balance measurements in this area (upper left). Where the velocity is observable, our results correspond 
with the reference measurements. The elevation band of apparent accumulation area is clearly attributable to 
the shallower ice thickness values in this region (whether correct or not) which partly correspond to increased 
surface velocity observations. 
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Supplementary Figure 33. Results for glacier 13.18906, as well as inputs and reference mass balance 
measurements. For this glacier, the velocity pattern leads to a coherent SMB pattern down-glacier, which follows 
reference measurements except at the terminus (where the observed velocity is low). 
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Supplementary Figure 34. Results for glacier 13.28839, as well as inputs and reference mass balance 
measurements. For this glacier, no velocity is measured, so the calculated SMB is equivalent to the measured 
dH/dt. This fits measurements reasonably well in the lower elevations, but the accumulation rate is not 
represented well. 
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Supplementary Figure 35. Results for glacier 13.28839, as well as inputs and reference mass balance 
measurements. For this glacier, no velocity is measured, so the calculated SMB is equivalent to the measured 
dH/dt. This fits measurements reasonably well in the lower elevations, but the accumulation rate is not 
represented well. 
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Supplementary Figure 36. Results for glacier 13.49754, as well as inputs and reference mass balance 
measurements. For this glacier, essentially no velocity is measured, so the calculated SMB is the measured 
dH/dt. The resulting pattern fits the magnitude of observations but poorly represents the mass balance gradient. 
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Supplementary Figure 37. Results for glacier 14.11566, as well as inputs and reference mass balance 
measurements. For this glacier, gentle observed velocity leads to a clear SMB gradient that corresponds closely 
to the reference measurements, although with a slight negative bias. We note that the dH/dt patterns are also 
biased negative to reference measurements, and that the reference measurements are from 2000-2002, 
suggesting a shift in mass balance over the study period. 
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Supplementary Figure 38. Results for glacier 14.15536, as well as inputs and reference mass balance 
measurements. For this glacier, the velocity and thickness patterns produce a variable SMB pattern over the 
lower glacier, which, although strange, corresponds well with the reference measurements in magnitude and 
general pattern. We note that the reference measurements for this glacier are an idealised profile. 
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Supplementary Figure 39. Results for glacier 14.15990, as well as inputs and reference mass balance 
measurements. We note that this glacier (from the RGI) actually contains two distinct ice bodies, and that 
measurements only correspond to the eastern (right) glacier. For this glacier, the observed velocity leads to a 
clear SMB gradient that corresponds closely to the reference measurements for much of the glacier. Two 
problems are evident: the apparent gap in velocity between the accumulation and ablation areas leads to 
alternating emergence and submergence. Also, the lack of observable velocity near the terminus leads to a 
reverse gradient not present in the reference measurements. 

 



41 
 

 

Supplementary Figure 40. Results for glacier 14.16041, as well as inputs and reference mass balance 
measurements. For this glacier, the velocity pattern is not smoothly-varying, which leads to SMB variations in 
our results that do not correspond well with reference measurements. 
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Supplementary Figure 41. Results for glacier 15.03416, as well as inputs and reference mass balance 
measurements. Ice motion is not observable for this very small glacier, but the dH/dt measurements closely 
correspond to reference measurements. 
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Supplementary Figure 42. Results for glacier 15.03448, as well as inputs and reference mass balance 
measurements. For this large glacier, the clear velocity pattern leads to a pattern of SMB closely corresponding 
with reference measurements in both the middle and lower sections of the glacier. We note that measurements 
for this glacier correspond to the very end of our study period. 
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Supplementary Figure 43. Results for glacier 15.03507, as well as inputs and reference mass balance 
measurements. For this very small glacier, no velocity is measured and the thinning pattern does not correspond 
to reference measurements, which slightly preceded our study period.  
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Supplementary Figure 44. Results for glacier 15.03586, as well as inputs and reference mass balance 
measurements. For this large glacier, only a slight pattern of velocity is evident, but the SMB pattern closely 
corresponds with reference measurements except at the glacier terminus  
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Supplementary Figure 45. Results for glacier 15.03733, as well as inputs and reference mass balance 
measurements. For this large glacier, the SMB closely corresponds with reference measurements for the lower 
tongue. However, the velocity data are highly discontinuous, which leads to unrealistic undulations in SMB above 
the reference measurements. We note that the reference measurements for this glacier used a distinct 
implementation of the continuity approach with entirely independent data. 

 



47 
 

 

Supplementary Figure 46. Results for glacier 15.03734, as well as inputs and reference mass balance 
measurements. We note that this glacier (from the RGI) actually consists of three flow units that are no longer 
connected and are normally considered separately. Nonetheless, our SMB results largely correspond to 
measurements taken on the left two glaciers, and reproduce both the magnitude and gradient of mass balance.  
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Supplementary Figure 47. Results for glacier 15.03954, as well as inputs and reference mass balance 
measurements. For this large glacier, no velocity is measured and although the SMB pattern marginally 
corresponds to the magnitude of reference measurements, the mass balance gradient is poorly represented. 
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Supplementary Figure 48. Results for glacier 15.04045, as well as inputs and reference mass balance 
measurements. For this large glacier, only slight velocity is measured, but the results reproduce the pattern 
observed in reference measurements for the lower tongue for the early portion of our study period, as well as 
the magnitude of more recent mass balance indicated by a single stake. We note that most of the reference 
measurements for this glacier used a distinct implementation of the continuity approach with entirely 
independent data. 
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Supplementary Figure 49. Results for glacier 15.04847, as well as inputs and reference mass balance 
measurements. For this large glacier, only moderate  velocity is observed, and the results approximate but 
slightly underestimate the pattern observed in reference measurements. 
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Supplementary Figure 50. Results for glacier 15.06777, as well as inputs and reference mass balance 
measurements. For this glacier, very little velocity is observed, are the results do not correspond to reference 
measurements. We note that the reference measurements are an idealised profile. 

 



52 
 

 

Supplementary Figure 51. Results for glacier 15.07122, as well as inputs and reference mass balance 
measurements. For this glacier, our results closely correspond to the measured mass balance. We note that this 
glacier outline corresponds to two individual glaciers, and measurements were only taken from the southern 
(lower) glacier. 
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Supplementary Figure 52. Results for glacier 15.07143, as well as inputs and reference mass balance 
measurements. For this glacier, very little velocity is observed and our results do not correspond to the measured 
mass balance. 
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Supplementary Figure 53. Results for glacier 15.07605, as well as inputs and reference mass balance 
measurements. For this glacier, very little velocity is observed over the lower tongue, where most reference 
measurements were taken and our results in this area do not correspond to the measured mass balance.  
However, our results in the middle section of the glacier correspond closely to measurements in terms of 
magnitude and gradient. 
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Supplementary Figure 54. Results for glacier 15.09026, as well as inputs and reference mass balance 
measurements. For this glacier, very little velocity is observed over the lower tongue, where most reference 
measurements were taken and our results in this area thus do not correspond to the measured mass balance.  
In addition, vrey small elevation bands at high elevation show unrealistically erratic SMB patterns.  
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Supplementary Figure 55. Results for glacier 15.10263, as well as inputs and reference mass balance 
measurements. For this glacier, no velocity is measured and our results overlap with but underestimate the 
measured mass balance.   
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Supplementary Figure 56. Results for glacier 15.11758, as well as inputs and reference mass balance 
measurements. For this glacier, our results correspond to the measured mass balance in the lower tongue, with 
a slight bias.  We note that for this glacier the outline is unrealistically simple. 
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Supplementary Figure 57. Results for glacier 15.11962, as well as inputs and reference mass balance 
measurements. For this very small glacier, little velocity is observed but our results correspond to the measured 
mass balance in the lower tongue. 
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Supplementary Figure 58. Results for glacier 15.11963, as well as inputs and reference mass balance 
measurements. For this glacier, the SMB correspond reasonably well with observations, although the mass 
balance gradient is shallower than observed. 
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Supplementary Figure 59. Results for glacier 15.11973, as well as inputs and reference mass balance 
measurements. For this glacier, the velocity and thickness patterns vary dramatically, leading to unrealistic SMB 
oscillations that do not correspond to reference measurements. 
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Supplementary Figure 60. Results for glacier 15.12707, as well as inputs and reference mass balance 
measurements. For this glacier, no velocity is measured, but the dH/dt values closely correspond to the 
reference measurements. 
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Supplementary Figure 61. Results for glacier 13.13574, as well as inputs and results of B2020. This glacier was 
removed from our analysis due to its surging appearance, but our results agree closely with those of B2020. 
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Supplementary Figure 62. Results for glacier 13.19750, as well as inputs and results of B2020. This glacier was 
removed from our analysis due to its surging appearance, but our results agree closely with those of B2020. 
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Supplementary Figure 63. Results for glacier 13.19758, as well as inputs and results of B2020. Our results agree 
closely with those of B2020. 
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Supplementary Figure 64. Results for glacier 13.26904, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 with the exception of sliver polygons corresponding to apparent debris cover. 
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Supplementary Figure 65. Results for glacier 13.26906, as well as inputs and results of B2020. Our results agree 
closely with those of B2020. 
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Supplementary Figure 66. Results for glacier 13.26909, as well as inputs and results of B2020. Our results agree 
closely with those of B2020, and seem to provide a better representation of surface mass balance. 
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Supplementary Figure 67. Results for glacier 13.54431, as well as inputs and results of B2020. This glacier was 
removed from our analysis due to its erratic SMB pattern, but our results agree closely with those of B2020. 
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Supplementary Figure 68. Results for glacier 14.00005, as well as inputs and results of B2020. Our results 
generally agree with those of B2020, but are slightly more erratic due to the automated segmentation scheme. 
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Supplementary Figure 69. Results for glacier 14.04477, as well as inputs and results of B2020. This glacier was 
removed from our analysis as it is surging. Our results agree closely with those of B2020, but are slightly more 
erratic due to the automated segmentation scheme. 
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Supplementary Figure 70. Results for glacier 14.06794, as well as inputs and results of B2020. This glacier was 
removed from our analysis as it has surging tributaries, Our results agree with those of B2020, but are slightly 
more erratic due to the representation of SMB along all tributaries rather than just the main glacier trunk. 
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Supplementary Figure 71. Results for glacier 14.07524, as well as inputs and results of B2020. This glacier was 
removed from our analysis as its results were somewhat erratic. Our results agree with those of B2020 in terms 
of both pattern and magnitude of SMB, but are slightly more variable. We note that much of the variability in 
the upper-left plot is attributable to small segments along glacier tributaries, which were not resolved in the 
B2020 study. 
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Supplementary Figure 72. Results for glacier 14.15447, as well as inputs and results of B2020. Our results agree 
with those of B2020 in terms of both pattern and magnitude of SMB, but are slightly more erratic. 
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Supplementary Figure 73. Results for glacier 14.15613, as well as inputs and results of B2020. Our results agree 
with those of B2020 in terms of both pattern and magnitude of SMB. The appearance of disagreement is 
primarily due to small debris-covered areas at the glacier’s margin; the results are otherwise in close agreement. 



75 
 

 

Supplementary Figure 74. Results for glacier 14.15990, as well as inputs, in-situ mass balance measurements, 
and results of B2020, which correspond to the right of the two glaciers encompassed by this outline. For that 
flow unit, our results agree with those of B2020 in terms of both pattern and magnitude of SMB. The only 
disagreement is the small band of apparent positive mass balance at the confluence of two flow units, which 
was avoided by B2020 by using a manual glacier segmentation. 
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Supplementary Figure 75. Results for glacier 14.16065, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 76. Results for glacier 14.16068, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 77. Results for glacier 15.03422, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 78. Results for glacier 15.03473, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 79. Results for glacier 15.09803, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 80. Results for glacier 15.09921, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 81. Results for glacier 15.09991, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB, and better resolve SMB differences 
between distinct tributaries.  
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Supplementary Figure 82. Results for glacier 15.03473, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 83. Results for glacier 15.03473, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 84. Results for glacier 15.11011, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB. The apparent scatter in our results 
is due to sliver debris-covered segments along the glacier margin. 
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Supplementary Figure 85. Results for glacier 15.11019, as well as inputs and results of B2020. Our results agree 
closely with those of B2020 in terms of both pattern and magnitude of SMB.  
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Supplementary Figure 86. ELA values derived from field measurements at reference sites (Supplementary Table 

1) compared to results of our analysis. 

 
Supplementary Figure 87. ELA results compared to previously published regional estimates by 14–17,71,72. 
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Supplementary Figure 88. ELA results compared to glacier-specific values of 12. The coordinates provided by 12 
did not always correspond to an RGI outline, so here we compare the 12 results to ours for the nearest glaciers, 
with a search distance limit of 0.5 km. 

 

 

Supplementary Figure 89. ELA results compared to glacier-specific values of 18.  
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Supplementary Figure 90. Regional mass balance profiles using the continuity method with the five ice thickness 
models contributing to the consensus 9, with respect to elevation (left) and normalised elevation (right). Note 
that Models 3-5 do not cover the entire region, so the aggregated profiles differ substantially. 

 

Supplementary Figure 91. Subregional mass balance profiles using the continuity method with the five ice 
thickness models contributing to the consensus 9. Note that Models 3-5 do not cover the entire region. 
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Supplementary Figure 92. Subregional mass balance vs normalized elevation using the continuity method with 
the five ice thickness models contributing to the consensus 9. Note that Models 3-5 do not cover the entire 
region. 

 

Supplementary Figure 93. ELA estimates based on the consensus ice thickness (upper left, reproduced from 
Figure 2), along with ELA deviations for the five ice thickness models contributing to the consensus. Note that 
Models 3-5 do not cover the entire region. 
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Supplementary Figure 94. AAR estimates based on the consensus ice thickness (upper left, reproduced from 
Figure 2), along with AAR deviations for the five ice thickness models contributing to the consensus. Note that 
Models 3-5 do not cover the entire region. 

 

Supplementary Figure 95. Balance ablation estimates based on the consensus ice thickness (upper left, 
reproduced from Figure 4), along with deviations for the five ice thickness models contributing to the consensus. 
Note that Models 3-5 do not cover the entire region. 
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