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Abstract We investigate the control of the morphological variables on the 2000–2016 glacier-wide

mass balances of 6,470 individual glaciers of High Mountain Asia. We separate the data set into 12 regions

assumed to be climatically homogeneous. We find that the slope of the glacier tongue, mean glacier

elevation, percentage of supraglacial debris cover, and avalanche contributing area all together explain a

maximum of 48% and a minimum of 8% of the glacier-wide mass balance variability, within a given region.

The best predictors of the glacier-wide mass balance are the slope of the glacier tongue and the mean

glacier elevation for most regions, with the notable exception of the inner Tibetan Plateau. Glacier-wide

mass balances do not differ significantly between debris-free and debris-covered glaciers in 7 of the 12

regions analyzed. Lake-terminating glaciers have more negative mass balances than the regional averages,

the influence of lakes being stronger on small glaciers than on large glaciers.

1. Introduction

Glacier mass balance is widely recognized as a sensitive indicator of climate change (e.g., Bojinski
et al., 2014). Recent studies showed the contrasted glacier mass changes at the scale of the
Pamir-Karakoram-Himalaya and even at the scale of the entire High Mountain Asia (HMA) for the begin-
ning of the 21st century (e.g., Brun et al., 2017; Gardelle et al., 2013; Gardner et al., 2013; Kääb et al., 2015).
Causes of these spatiotemporal changes are still not fully understood, because the climate variability is not
well constrained and because the response of each individual glacier to climate variability is modulated by
its morphology, further complicating the interpretation of glaciermass changes. Heterogeneous climatology
(Maussion et al., 2014) could be responsible for various glacier mass balance sensitivities to temperature,
explaining partly the regional pattern of recent glacier mass changes (Sakai & Fujita, 2017). Other studies

highlighted the role of heterogeneity of climate change itself, in explaining the regional pattern of glacier

mass balance (e.g., Forsythe et al., 2017; Kapnick et al., 2014). The morphology of the glaciers and their

catchments and the abundance of supraglacial debris show large variations in HMA and may also explain

part of the variability of glacier mass balance.

Previous studies showed that, in the European Alps, annual fluctuations of glacier-wide mass balance are

strongly correlated in a given region (e.g., Vincent et al., 2017) and are related tometeorological annual fluc-

tuations (e.g., Rabatel et al., 2013). Nevertheless, multidecadal averages of individual glacier mass balances

are linked to glacier morphology (e.g., Fischer et al., 2015; Huss, 2012; Huss et al., 2012; Paul & Haeberli,

2008; Rabatel et al., 2013, 2016). For instance, Huss (2012) found that a combination of six morphological

variables explained 51% of the glacier mass balance variance. For HMA, Salerno et al. (2017) conducted a

statistical analysis of the thinning rates of glaciers in the Everest region, in relationship with morphological

variables. They found that the slope of the glacier tongue was the main morphological variable controlling

the glacier thickness changes, and they suggested that this was partially explained by preferential devel-

opment of glacial ponds on shallow slopes (e.g., Quincey et al., 2007). To our knowledge, this is the only

study investigating the link between glacier thickness changes and morphological variables in HMA, and it

is limited to a small region (360 km2 of glacierized area).

The influence of debris at the surface of manyHMA glaciers is the subject of an ongoing debate and requires

more investigation at large spatial scale. Geodetic studies suggested similar thinning rates over debris-free
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Figure 1. Distribution of the debris-covered and lake-terminating glaciers in High Mountain Asia. The histograms
represent the distributions of the supraglacial debris cover percentage. The number is the percentage of the total
glacierized area which is debris covered. The yellow diamonds represent the locations of the lake-terminating glaciers
studied here.

and debris-covered ice for ablation tongues in the same elevation range (Gardelle et al., 2012, 2013; Kääb

et al., 2012, Nuimura et al., 2012). This finding is in apparent contradiction with the reduced ablation

expected for ice beneath a thick debris layer (e.g., Nicholson & Benn, 2006). Salerno et al. (2017) also investi-

gated this question and found that the presence of supraglacial debris cover was not a significant contributor

to differences in thinning rates among the studied glaciers. However, they examined a restricted sample

of glaciers (n = 28) and analyzed only tongue-averaged thinning rates, which are less straightforward to

interpret than glacier-wide mass balances as they result from the sum of surface mass balance and emer-

gence velocity (e.g., Cuffey & Paterson, 2010). Consequently, there is a need to test this hypothesis over the

glacier-wide mass balances of a larger number of glaciers and in different climate contexts.

Furthermore, the development of proglacial lakes at glacier termini is a topic of interest in HMA, as they

are associated with enhanced glacier mass loss through subaqueous melting (e.g., Röhl, 2006), accelerated

ice flows (e.g., King et al., 2018), and with potential hazardous glacier lake outburst floods (GLOFs; e.g.,

Haritashya et al., 2018). Compared with land-terminating glaciers, lake-terminating glaciers shrink faster in

Sikkim (Basnett et al., 2013), have more negative rates of elevation changes in Bhutan, Everest region, and

West Nepal (Gardelle et al., 2013), and have more negative mass balances in the Everest region (King et al.,

2017). Terminal lakes develop when supraglacial ponds coalesce into a single lake dammed by a terminal

moraine (e.g., Benn et al., 2012; Thompson et al., 2012). Eventually, the terminal lake enhances the frontal

ablation by dynamic thinning, calving, and thermo-erosion (e.g., Benn et al., 2012). To our knowledge, the

only study quantifying the influence of terminal lake on glacier-wide mass balance was conducted on 32

glaciers (nine of thembeing lake-terminating glaciers) and restricted to the Everest region (King et al., 2017).

In this study,we build upon thework of Salerno et al. (2017) andKing et al. (2017).We extend themby adding

additional variables, such as the avalanche contributing area, and we extend the analysis to the entire HMA,

by analyzing 6,470 individual glacier (>2 km2) mass changes in relationship with morphological variables.

For each of the 12 regions defined in Brun et al. (2017) and shown in Figure 1, that is, Bhutan (B), East

BRUN ET AL. 1332
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Nepal (EN),HinduKush (HK), Inner Tibetan Plateau (TP), Karakoram (Ka), Kunlun (Ku),Nyainqentanglha

(N), Pamir (P), Pamir Alay (PA), Spiti Lahaul (SL), Tien Shan (TS), and West Nepal (WN), we test whether

supraglacial debris cover reduces mass loss, whether lake-terminating glaciers have more negative mass

balance, and we assess the part of the variance of glacier mass balance explained by the morphological

variables. As we focus on debris-covered glaciers, we also extend the work of Scherler et al. (2011a), to assess

the morphological specificities of debris-covered glaciers.

2. Data andMethods
2.1. Glacier-WideMass Balance andMorphological Data

The glacier-wide geodetic mass balance,
.
M (named glacier mass balance for simplicity hereafter), data are

calculated from the rate of elevation change, extracted from a linear fit of multitemporal digital elevation

models (DEMs) obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer

(ASTER), as described in Brun et al. (2017). Only glaciers larger than 2 km2 are included to limit the error on

the glacier mass balance, which decreases with increasing glacier area (Rolstad et al., 2009). Glaciers with

less than 70% of reliable elevation change rates are excluded from the analysis, leading to a total number of

6,480 glaciers. Even though themajority of the∼95,000 glaciers of HMA are excluded from this analysis due

to their small size, our sample still represents 54% of the total glacierized area of the HMA (Pfeffer et al.,

2014). The glacier mass balances are calculated using the RGI 5.0 glacier mask (Pfeffer et al., 2014), which

is based mostly on satellite images acquired in the early 2000s. For a discussion about the influence of the

uncertainties of the glacier inventory on the geodetic mass balance, the reader is referred to the supplemen-

tary of Brun et al. (2017). The individual glacier mass balances have a median uncertainty of ±0.22 m water

equivalent (w.e.)/a, ranging from a minimum of ±0.14 to a maximum of ±0.89 m w.e./a (Brun et al., 2017).

In this study we explore glacier morphological variables (area, aspect, mean slope, slope of the lowest 20 %

[tongue slope], mean elevation [mean elev.], median elevation, minimum elevation, maximum elevation,

area percentage of supraglacial debris cover [DC], and avalanche contributing area [contrib. area]) found to

have an influence on mass balance in previous studies (e.g., Fischer et al., 2015; Huss, 2012; Salerno et al.,

2017). The glacier morphological variables are calculated from the gridded debris cover classification and

elevation raster by Kraaijenbrink et al. (2017), which are clipped to the RGI 5.0 glacier extents and have a

resolution of 30 m. All the areas are calculated as planar areas (Cogley et al., 2011). The glacier mean aspect

(in degree) is calculated as the vector average of the aspect of individual pixels in order to avoid the typical

problems due to direct averaging of discontinuous aspect values. The mean slope (in degree) is calculated

as direct average of the slope of individual pixels and the tongue slope as the average of the slope of the

pixels with an elevation below the twentieth percentile of the elevation for this glacier. The area percentage

of supraglacial debris cover is calculated as the ratio of the glacier area classified as debris or as supraglacial

ponds divided by the total glacier area. The avalanche contributing area (in square kilometers) is defined as

the nonglacierized area in the catchment upstream of the glacier median elevation with a slope steeper than

30◦ (Figure 2). The catchment upstream of the median glacier elevation is calculated based on the Shuttle

Radar Topographic Mission (SRTM) 30-m void-filled DEM (Farr et al., 2007) and the upslope area module

(Freeman, 1991) implemented in the SAGA software (Conrad et al., 2015). More sophisticated approaches

exist in the literature (e.g., Bernhardt & Schulz, 2010), but, even though the avalanche contributing area

significantly depends on the slope threshold, the correlation between this area and the percentage of debris

cover showed a very weak sensitivity to the slope threshold. Consequently, we used a 30◦ threshold. Figure 2

illustrates these different areas for the example of Khumbu Glacier (RGI Id 5.0-15.03733). Through the data

analysis, we detected some obvious outliers (10 glaciers), like, for example, glaciers with unrealistic low

minimumelevation. These errors come from artifacts in the SRTMDEM, andwe exclude these glaciers from

the analysis, leading to a final number of 6,470 glaciers.

2.2. Classification of Debris-Covered and Debris-Free Glaciers

Wepropose to classify glaciers into two separate categories (debris-covered glaciers and debris-free glaciers),

based on the area percentage of supraglacial debris cover. To our knowledge, there is no standard widely

accepted definition of what is a debris-covered glacier. For instance, Xiang et al. (2018) use a 5% threshold for

the debris cover area fraction, whereas Janke et al. (2015) use a 25% threshold to define the debris-covered

glaciers. We determine an optimal threshold of 19% of debris cover, based on 100 randomly selected glaciers

classified by five operators, as described in supporting information Text S1 (Herreid & Pellicciotti, 2018)
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Figure 2. Example of the calculation of the avalanche contributing area for Khumbu Glacier (RGI ID 15.03733). The
glacier area is classified either as debris-covered or debris-free following Kraaijenbrink et al. (2017), the basin above the
glacier is the area (in gray) upstream of the glacier area above the glacier median elevation (red dashed line), and the
avalanche accumulating area is the parts of this basin where the slopes are steeper than 30 (hatched area). The
background is a hillshade derived from the High Mountain Asia digital elevation model (Shean, 2017).

and Figures S1 and S2. It is noteworthy that this distinction is arbitrary, as there is a continuum between

debris-covered and debris-free glaciers. However, we find useful to make this categorization, as it simplifies

the analysis. In our comparison between debris-covered and debris-free glaciers, we assess the sensitiv-

ity of the glacier-wide mass balances aggregated by glacier type to this threshold by testing 14% and 24%

thresholds.

2.3. Classification of Lake-Terminating and Land-Terminating Glaciers

We automatically select the glaciers in contact with lakes (within a 50-m buffer) from a lake inventory pro-

duced by the International Centre for Integrated Mountain Development (Maharjan et al., 2018) and the

glacial lake inventory produced by Zhang et al. (2017). Both inventories are based on Landsat images col-

lected in the early 2000s, with a focus on the 2004–2007 period for the ICIMOD inventory. Then from visual

inspection of satellite images accessed through Google Earth, we retain 131 glaciers, which are actually

lake-terminating glaciers. The lake inventory does not cover the Tien Shan and Pamir Alay regions, and our

samples include only 1, 1, 3, and 5 lake-terminating glaciers in Kunlun, Hindu Kush, Pamir, and Karako-

ram, respectively. Consequently, we focus the analysis on the six remaining regions: Bhutan (21 lakes), East

Nepal (47 lakes), inner Tibetan Plateau (16 lakes), Spiti Lahaul (7 lakes), West Nepal (11 lakes), and Nyain-

qentanglha (19 lakes). Eight of these glaciers are excluded from the analysis because we could not calculate

their mass balance fromASTERDEMs (because they have less than 70 % of reliable rate of elevation change

coverage).

2.4. Linear Analysis andMultivariate LinearModel

We perform univariate linear analysis, by calculating the Pearson's correlation coefficients and associated p

values for all the 2-by-2 combinations of available variables as well as, for some of them, their exponential

and logarithmic values (Tables S1–S12). We also implemented a simple multivariate linear model to deter-
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Figure 3. Percentage of the glacier supraglacial debris cover as a function of the glacier median elevation. The dots represent individual glaciers and are
colorized accordingly to the logarithm of their normalized avalanche contributing area, defined as the ratio of the avalanche contributing area divided by the
glacier area.

mine the best predictors (and combination of predictors) of the glacier mass balance (
.
M) variability. This

model aims at finding the set of coefficients (𝛼1, 𝛼2, … 𝛼n), which explains amaximum of themass balance

variance, when multiplying the predictors (x1, x2, … xn), such as
.
M = 𝛼1x1 + 𝛼2x2 + … + 𝛼nxn. (1)

We worked with standardized predictors and standardized
.
M to allow for a direct comparison between the

coefficients 𝛼i. The standardized predictor xi,s, derived from the variable xi, is defined as

xi,s =
xi − xi
√

V(xi)
, (2)

where xi is the variable regional average and V(xi) is its regional variance.

BRUN ET AL. 1335



Journal of Geophysical Research: Earth Surface 10.1029/2018JF004838

Figure 4. Pearson correlation coefficients between selected variables. The ⋆ denotes correlation significant at
p < 0.01. DC = debris cover; TP = Inner Tibetan Plateau.

We explore the morphological variables that explain the maximum of the variance, but the selection of the

different variables to include in themultivariate linearmodel is subjective, andwe could not find an optimal

combination of variables which minimized the Akaike (1974) Information Criterion (the Akaike Informa-

tion Criterion is a metric that penalizes models with a large number of parameters) while maximizing the

explained variance (R2) of
.
M for all the regions simultaneously. Similarly, standard approaches such as the

forward selection and backward elimination, which consist in an evaluation of the model after adding or

removing variables until an optimal combination is reached (e.g., Hocking, 1976), give different results for

different regions, mainly because some variables were very redundant (e.g., themean and themedian eleva-

tion). These attempts to select the best performingmodel in an objectivewaywere not successful. Instead,we

favor variables that are often selected in the literature, such as the supraglacial debris cover or the avalanche

contributing area (Huss et al., 2012; Salerno et al., 2017). We subjectively choose the final variables analyzed

hereafter and retain the tongue slope, the mean elevation, the area percentage of supraglacial debris cover,

and the avalanche contributing area.

BRUN ET AL. 1336
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Figure 5. Glacier mass balances for debris-covered and debris-free glaciers; (a) regional averages and (b) glaciers grouped by 10 percentiles of glacier mean
elevation. The error bars represent the standard error on the mean, note that for the regional averages, the dot size is most of the time larger than the error bars.
The standard errors are smaller than the regional uncertainties of the glacier mass balance from Brun et al. (2017), because the latter takes into account the
spatial correlation, whereas the standard error is used here to quantify the dispersion of the glacier population. TP = Inner Tibetan Plateau.

3. Results
3.1. Contrasted Glacier Morphologies in the Different Regions

Our analysis shows that the different regions have varying supraglacial debris cover, with mean percentage

of supraglacial debris cover ranging from 3.2% in the inner TP to 24.7% in the East Nepal (Figure 1). With a

threshold of 19% to distinguish between debris-free and debris-covered glaciers, we find that debris-covered

glaciers occupy between 1.5% of the total glacierized area in the inner TP and 56.7% in the East Nepal

(Figure 1). The extent of supraglacial debris cover is controlled by the local relief, and in particular the area

occupied by ice-free terrain above the glacier, which contributes to the debris supply (Scherler et al., 2011a).

We extend the analysis of Scherler et al. (2011a), which cover only a limited number of glaciers (287) over

selected regions (Hindu Kush, Karakoram, Kunlun, Spiti Lahaul, West Nepal, East Nepal, and Bhutan), to

our sample of 6,470 glaciers, and we search for the morphological variables that could explain part of the

variability of the supraglacial debris cover. In all regions except Tien Shan, the percentage of supraglacial

debris cover increases with the avalanche contributing area, with a positive correlation with R ranging from

0.23 to 0.77 and p < 0.001 (Figure 4 and Tables S1–S12). It decreases with increasing median elevation,

BRUN ET AL. 1337
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Table 1
Mean of the Regional Mass Balance for Debris-Free (

.
MDF) and Debris-Covered (

.
MDC) Glaciers for Each Region in Meter Water Equivalent Per Annum

Region B EN HK TP Ka Ku N P PA SL TS WN
.
MDF −0.39 −0.25 −0.10 −0.13 −0.04 0.17 −0.58 −0.11 −0.04 −0.41 −0.27 −0.33

Err. std.
.
MDF 0.03 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.02 0.01 0.01 0.02

.
MDC −0.44 −0.37 −0.08 −0.37 −0.04 0.08 −0.62 −0.09 −0.11 −0.41 −0.19 −0.36

Err. std.
.
MDC 0.04 0.02 0.02 0.05 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02

NDF 80 271 196 719 1,039 565 230 419 94 501 701 243

NDC 24 161 100 11 138 120 161 132 47 179 175 173

Note. The standard error is calculated as the standard deviation of
.
M in meter water equivalent per annum divided by the square root of the number of glaciers

in each subgroup (NDF and NDC). Note that the standard errors are smaller than the regional uncertainties of the glacier mass balance from Brun et al. (2017),
because the latter takes into account the spatial correlation, whereas the standard error is used here to quantify the dispersion of the glacier population.

with a negative correlation with R ranging from−0.69 to−0.22 and p < 0.001 (Figure 4 and Tables S1–S12).

Indeed, the insulating effect of debris allows for the existence of debris-covered tongues at low elevation

(Figure 3). Very few glaciers are debris covered in the inner TP, where glaciers are often surrounded by gen-

tler slopes than the glaciers in other regions of HMA. Glaciers located in Tien Shan do not follow the same

distribution as in the other regions, as the supraglacial debris cover is neither related with the median ele-

vation nor with the avalanche contributing area (Figure 3). With the exception of Inner TP and Tien Shan,

we also found a significant negative correlation between the percentage of supraglacial debris cover and the

tongue slope, with R reaching a minimum of −0.44 and various levels of significance (Figure 4 and Tables

S1–S12). Other variables, such as glacier area or mean aspect, do not show systematic correlations with the

percentage of supraglacial debris cover and exhibit large region to region differences (Tables S1–S12).

The lake-terminating glaciers are mostly located in the southeastern margin of the HMA (Figure 1). The

sample size is not large enough to perform a robust statistical analysis.

3.2. Influence of the Supraglacial Debris Cover on theMass Balance Variability

In this section, we test the influence of the percentage of supraglacial debris cover on the mass balance

variability in two ways: First, we test the correlation between the percentage of supraglacial debris cover

and the mass balance, and second, we test the difference between two populations of glaciers (debris-free

vs. debris-covered) in terms of region-wide mass balances.

First, we tested whether the supraglacial debris cover reduces the glacier mass losses. This hypothesis is

rejected as a positive and significant correlation between
.
M and DC is found only for Tien Shan and Nyain-

qentanglha (Figure 4 and Tables S1–S12). For all the other regions, the correlation was either negative or

not significant.

Second, in terms of regional area weighted averages, debris-covered glaciers have a
.
M significantly (i.e., with

a 95% confidence t test) more negative than debris-free glaciers in East Nepal, inner TP, Kunlun, and Pamir

Alay, with an absolute value of the difference ranging from 0.06 to 0.24 m w.e./a (Figure 5a and Table 1).

The later value corresponds to the inner TP, where we find only 11 debris-covered glaciers and consequently

should be interpreted with caution. In Tien Shan, it is the opposite (with the absolute value of the difference

being 0.08 m w.e./a), and for the remaining regions (seven in total), the differences are not significant.

Whenwe group glaciers bymean elevations to calculate an averaged
.
M for each 10 percentile of mean eleva-

tion (Figure 5b), slight statistically nonsignificant differences are apparent between regions. For instance, in

East Nepal, Nyainqentanglha, Pamir Alay, and in inner TP, the debris-covered glaciers have more negative
.
M at the same elevation, whereas it is the opposite for Bhutan, Pamir, and Tien Shan.

These results are not very sensitive to the threshold used to discriminate between debris-free and

debris-covered glaciers. Although the altitudinal distribution of debris-covered and debris-free glaciers is

strongly modified if we use a threshold of 14% or 24% to discriminate debris-covered and debris-free glaciers

(Figures S3 and S4), the differences of
.
M between debris-free and debris-covered glaciers are close to the

19% threshold differences (less than ±0.05 m w.e./a).
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Figure 6. Glacier-wide mass balance as a function of glacier area. The black crosses represent the land terminating glaciers and the large blue dots the
lake-terminating glaciers. The blue stars in East Nepal represent the nine lake-terminating glaciers studied by King et al. (2017). The black diamonds represent
the 5-percentile averages of all glaciers. The gray envelope represents the ±one standard deviation from the mean. Note that for East Nepal, one
lake-terminating glacier (with a size of 2.6 km2) has a mass balance of −1.9 m w.e./year and therefore is missing on the plot. The horizontal dashed lines
represent the regional averages for the lake-terminating glaciers (blue) and all the glaciers (black). TP = Inner Tibetan Plateau.

3.3. Influence of Proglacial Lakes on theMass Balance Variability

In general, lake-terminating glaciers have more negative
.
M than the regional average (Figure 6 and Table

S13). They regularly lie further than one standard deviation from the mean. They have mean
.
M that are

between 0.11 and 0.32 m w.e./a more negative than the regional averages, in Nyainqentanglha and West

Nepal, respectively (Table S13). If we consider the relative differences, they have mean
.
M that are between

18% and 98% more negative than the regional averages, in Nyainqentanglha and inner TP, respectively

(Table S13). It is noteworthy that the lake influence on
.
M decreases with the glacier area, as the large

lake-terminating glaciers tend to have
.
M closer to the regional average than the small lake-terminating

glaciers (Figure 6). The differences between
.
M observed for lake-terminating glaciers and

.
M predicted with

themultivariate linear model based on a combination of four variables (see below and Table S13) are mostly

negative (range: −0.44 to 0.07 m w.e./a), meaning that the excess mass loss is likely to be attributed to the

presence of a lake at the glacier terminus and not to the glacier morphology (i.e., the fact that they often

exhibit a gently sloped tongue at the terminus for instance).

3.4. Morphological Variables and Glacier Mass Balance Variability

For selected regions, the morphological variables have various influences on
.
M and different correlations

among each others (Figure 4). Note thatwe do not present the results for all the variables described in section

2. The aspect and area are not significant contributors to
.
M for almost all of the regions (Tables S1–S12). The

median elevation, minimum elevation, and maximum elevations are discarded because the mean elevation

is a better predictor in most cases and is less sensitive to the quality of the input DEM than the maximum

and minimum elevations.

First, we investigate which variables have a high correlation with
.
M.

.
M has always a significant positive

correlation (R ranging from 0.16 to 0.49 with p < 0.001) with the tongue slope (Figure 4), meaning the

gentler the glacier slope, the more negative
.
M. Except for Spiti Lahaul and Pamir Alai, the mean elevation
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Table 2
Results of the Multivariate Linear Regression to Explain the Glacier Mass Balance Variability for Each Region

Region B EN HK TP Ka Ku N P PA SL TS WN

Term. slope (−) 0.47 0.47 0.38 0.23 0.18 0.10 0.46 0.26 0.29 0.45 0.24 0.51

Mean elev. (−) 0.75 0.30 0.34 0.23 −0.34 0.21 −0.06 0.16 −0.19 0.17 0.47 0.18

DC (−) 0.09 0.00 0.13 −0.40 −0.16 −0.11 0.15 0.09 −0.23 0.06 0.12 0.12

Contrib. area (−) 0.37 0.11 0.07 0.17 −0.02 −0.10 −0.01 0.02 −0.07 0.09 −0.05 0.06

R2 0.48 0.25 0.21 0.21 0.11 0.15 0.24 0.08 0.20 0.18 0.36 0.25

n 104 428 297 721 1,176 684 391 552 141 679 877 416

p <0.001 0.001 < p <0.01 0.01 < p <0.1 p ≥ 0.1

Note. The variables are standardized, and therefore, the coefficients associated with each variable are directly representative of their relative influence on
the glacier mass balance variability. R2 is the squared Pearson coefficient for the multivariate linear regression, including all the predictors. We reported the
coefficients (𝛼i), colored according to the p values. The acronyms are the same ones as used in Figure 1, and n is the number of glaciers considered in this study
for each region.

is significantly correlated with
.
M. This correlation is generally positive, with R ranging from 0.13 to 0.53

(p < 0.01 or p < 0.001), meaning the higher the glacier, the less negative
.
M. This correlation is negative

for Karakoram and Nyainqentanglha. For five regions (East Nepal, Hindu Kush, Inner TP, Kunlun, and

Pamir Alay), the DC is significantly and negatively correlated with
.
M, meaning the higher the percentage

of debris cover area, the more negative the glacier mass balance. However, for the other regions, either it

is the opposite (for Nyainqentanglha and Tien Shan) or the correlation is not significant. The avalanche

contributing area is usually not significantly correlated with
.
M, except in Kunlun and inner TP, where it is

negatively correlated with
.
M (Tables S1–S12).

Second, we calculated a multivariate linear model, which explains 8% to 48% of
.
M variability, based on

a linear combination of four variables ignoring interaction between the variables (Table 2). The regions

where the explained variability is the lowest are the Pamir, Karakoram, and Kunlun. The regions where the

explained variability is the highest are the Bhutan and Tien Shan. Except for the Kunlun region, the tongue

slope is always a significant predictor of
.
M variability, and for 7 regions out of 12, it is the predictor which

has the largest 𝛼i, and consequently, the strongest influence on
.
M variability. The mean elevation has a

significant contribution to
.
M variability for 10 regions out of 12 and has the largest 𝛼i for four regions. The

supraglacial debris cover has a significant contribution to
.
M variability for four regions and is sometimes

positive and sometimes negative. It has the largest 𝛼i only for the inner TP, with a negative value. Again,

this result is to be interpreted carefully, as the inner TP glaciers have only 3.2% of areal supraglacial debris

cover on average. In the other regions, it has a small 𝛼i compared with the other predictors. The avalanche

contributing area is a significant contributor to
.
M variability only for two regions. It has a small 𝛼i (always

less than half of the largest 𝛼i in absolute value) compared with the other predictors (Table 2).

4. Discussion
4.1. Limitations of our Analysis

The statistical analysis presented here is sensitive to outliers, biases, and uncertainties in the data. The indi-

vidual mass balance data have themselves a relatively high level of uncertainty with a median uncertainty

of 0.22 m w.e./a (ranging from 0.14 to 0.89 m w.e./a), depending on the glacier area, on the proportion of

the glacier surface surveyed, and on the number of DEMs available to extract a reliable rate of elevation

change signal (Brun et al., 2017). The median uncertainty is slightly higher than the root mean square error

of 0.17 m w.e./a found when comparing ASTER
.
M with higher-resolution geodetic mass balances for 60

glaciers (Brun et al., 2017). In order to test the sensitivity of two important results to this uncertainty, we

perform aMonte Carlo test.We randomly generate 1,000 new series of
.
M. For each glacier, we randomly per-

turb the value of
.
M following a normal distribution centered on the original value, with a standard deviation

equals to the uncertainty on
.
M. We then repeat the same analysis as described above to assess the robust-

ness of the differences between the regional mean of debris-covered and debris-free glaciers (Table S14) and

to assess the robustness of the percentage of variance explained by the multivariate linear model (Figure

S5). Regarding the regional differences between debris-free and debris-covered glaciers, the results are very

robust, as a large majority (expressed in percent) of perturbed simulations leads to the same conclusion in

BRUN ET AL. 1340



Journal of Geophysical Research: Earth Surface 10.1029/2018JF004838

terms of sign and significance of the difference (Table S14). Regarding the robustness of the percentage of

the variance explained by the linear model, the results are less convincing, as the perturbed series systemat-

ically lead to lower R2 (about ∼0.1 lower on average), in particular for the Tien Shan and Nyainqentanglha

(Figure S5).

The other data sources are also subject to uncertainty in the glacier delineation (Paul et al., 2013), which,

in turn, introduces large uncertainties in the debris cover extent, as formerly glacierized areas, now free of

glaciers, would be classified as debris-covered area. The overall accuracy of the glacier surface classification

is 91% (Kraaijenbrink et al., 2017).Moreover, the avalanche contributing area is sensitive to the quality of the

DEM used to determine the upstream area of each glaciers (Tribe, 1992). These intrinsic limitations should

be kept in mind.

One of the major limitation of our work is the use of non independent variables as explanatory variables

in the multiple linear regression model. The tongue slope and mean elevation are the best predictors of

the mass balance variability. However, these variables correlate with each other and with the percentage of

supraglacial debris cover and avalanche contributing area (Figure 4). This means that the influence of such

correlated secondary predictors cannot be interpreted within the multiple linear regression model frame-

work, and the univariate analysis (Tables S1–S12) is more relevant in these cases. An alternative would

be to introduce interaction terms (defined as 𝛼i,jxixj in our framework) in the multiple linear model. More

sophisticated approaches, such as a hierarchical Bayesian approach, could also helpmitigate this issue, even

though these approaches fail as well when the level of correlation among explanatory variables exceeds∼0.6

(e.g., Jomelli et al., 2015).

The separation of the glaciers into two distinct categories (debris-covered and debris-free glaciers) is some-

how arbitrary, as there is a continuum between these categories. Nevertheless, the choice of different

thresholds has a limited influence on the results (Figures 5, S3, and S4), and therefore, the classification is

still insightful.

Another limitation of our study is the separation of glaciers into regions that we assumed climatically homo-

geneous. The regions considered in this study have a much larger spatial extent than the Swiss or French

Alps (<300 and 200 km long, respectively), as they spread from ∼300 km (Pamir) to more than 2,000 km

(inner TP). Regional divisions remain arbitrary and alternative delineations could be provided, based on cli-

mate data clustering, for example. This is especially true for regions such as the Tibetan Plateau and the Tien

Shan, where we group glaciers that are under very different climate influences (e.g., Sakai & Fujita, 2017).

4.2. Specificities of Debris-Covered Glaciers in Terms of Morphology andMass Balance

Variability

Our results show that debris-covered tongues can be generally characterized as flatter and located at lower

elevations than debris-free tongues. Moreover, the avalanche contributing area correlates strongly with the

percentage of debris cover, hinting that large part of the debris supply originates from the glacier upper

reaches (e.g., Wirbel et al., 2018). These conclusions are in line with those of Scherler et al. (2011a), even

though, contrary to them,we do not include ice surface velocity in our analysis. The availability of ice surface

velocities for the entire ablation areas of HMA glaciers (Dehecq et al., 2019) will help to further test the

hypothesis of Scherler et al. (2011a), who observed symmetrical distributions of surface velocity for the

debris-free glaciers and asymmetrical distributions of surface velocity for the debris-covered glaciers.

We did not systematically observe less negative glacier-widemass balances for debris-covered glaciers, com-

pared with debris-free glaciers. At the same time, Nuimura et al. (2012), Gardelle et al. (2012, 2013), and

Kääb et al. (2012) observed similar thinning rates for debris-free and debris-covered tongues, which is not

inconsistent with our observations given that thinning rates are a result not only on point mass balance but

also on emergence/submergence velocity (Brun et al., 2018).

Even though we did not document glacier terminus changes, it was already shown for selected regions

of HMA that the debris-covered tongues experience less or no retreat compared with debris-free tongues

(e.g., Scherler et al., 2011b; Xiang et al., 2018). However, debris-covered and debris-free glaciers have

mostly similar
.
M, meaning that they have to respond through different mechanisms to climate changes.

The debris-covered glaciers thin differently from the debris-free glaciers: debris-covered glacier thinning is

distributed over their lower reaches independently of the elevation, whereas debris-free glaciers preferen-

tially experience front retreat (Rowan, 2017; Rowan et al., 2015; Salerno et al., 2017). Consequently, the ice
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dynamics play a major role for the evolution of debris-covered tongues, and the stable front positions of

debris-covered glaciers should not be interpreted as balanced mass budget (Scherler et al., 2011b).

4.3. Proglacial Lake Influence on Glacier Mass Balance

In this study, we find that lake-terminating glaciers have
.
M 18% to 98% more negative than the regional

average. However, the lake influence depends on the glacier size and the lake's stage of development (Benn

et al., 2012; King et al., 2017). Our more complete mass balance data set offers an opportunity to test the

representativeness of the smaller glacier sample used in King et al. (2017). The glacier sample of King et al.

(2017) has amean
.
M of−0.61± 0.11mw.e./a (vs.−0.70± 0.27mw.e./a in their study), which is slightlymore

negative than the average of all lake-terminating glaciers of East Nepal (Figure 6). The results presented in

this study are a broad regional overview, andmore studies should be conducted on specific lake-terminating

glaciers to better understand the lake influence on the glacier dynamics andmass balance (King et al., 2018).

Local studies are even more pressing because of the associated risk of GLOFs (Haritashya et al., 2018). In

our study, we observe that there is no relationship between glacier-wide mass balances of lake-terminating

glaciers and the degree of danger of the associated lakes.

4.4. Complex Influence of theMorphological Variables on the Glacier Mass Balance

The morphological variables explain 8% to 48% of
.
M variance, with contrasted regional behaviors. Qualita-

tively, it seems that the regions where
.
M is the most negative (Nyainqentanglha, Bhutan, and Tien Shan)

are the regions where the morphological variables explain the largest part of the variance. Our interpreta-

tion of this observation remains rather speculative. A possibility is that morphological variables are linked

to glacier response time and glacier mass balance sensitivity to climate change. Indeed, response times of

glaciers with low slopes at their terminus, and in turn with slow dynamics, are longer than steep glaciers.

Consequently, their geometry does not adapt quickly to changes in climate, they remain in imbalance for a

longer time, and theirmass balance is driven toward negative values explainingwhy the correlation between
.
M and morphological variables such as the slope is high (Cuffey & Paterson, 2010). Similarly, glaciers lying

at low elevations are expected to receive more precipitation and/or to have a larger accumulation basin than

glaciers at high elevations, in order to balance higher ablation in the lower reaches. These glaciers have thus

a larger mass turnover, and consequently, they are more sensitive to an increase in temperature (Oerlemans

& Reichert, 2000).

Studies focusing in the Alps found comparable influences of morphological variables on
.
M variability,

although this region is climatically and topographically different from the regions of our study. In the Swiss

Alps, Huss (2012) found that a combination of three variables (area, median glacier elevation, and slope of

the tongue) explained 35% of the variance of a sample of 50 glacier mass balances averaged over 100 years.

The explained variance reached 51% when using a combination of six variables (the former three variables,

the latitude, the longitude, and the aspect). In the French Alps, Rabatel et al. (2016) found that the slope of

the tongue and the glacier median elevation explained 25% of the variance of a sample of 30 glacier mass

balances averaged over 31 years. The anticorrelation between
.
M and the area was found only for glaciers

smaller than 0.1 km2 in the Alps, and above 0.1 km2, the 1980–2010 mass balances of Swiss glaciers was rel-

atively independent on glacier size (Fischer et al., 2015). Here we analyzed only glaciers larger than 2 km2,

which may explain why we did not find such a relationship.

The multiple correlations among the predictors complicate the interpretation of the results, but the mul-

tivariate linear model can partially separate the contribution of each predictor (Table 2). At first sight, the

negative correlation between
.
M and the supraglacial debris cover seems counter intuitive, because debris,

when thick enough, is expected to insulate the glacier tongue and reduce ice ablation (e.g., Østrem, 1959;

Vincent et al., 2016). However, this negative correlation is partially induced by the correlations between the

debris cover and the mean elevation and tongue slope, which are themselves correlated with
.
M (Figure 4).

The multivariate linear model shows that the tongue slope and the mean elevation are the best predictors

of
.
M. These findings can be interpreted similarly to a modeling study, which found higher mass balance

sensitivity to an increase in temperature for debris-covered glaciers, than for debris-free glaciers (Huss &

Fischer, 2016). The higher sensitivity of debris-covered glaciers and their more negative
.
M (compared with

debris-free glaciers) could be due to their typical settings at low elevation and their gentle tongue slope

favoring high sensitivity to temperature changes and long response times (Huss & Fischer, 2016).
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5. Conclusions

We assess the main morphological controls on glacier mass balances of HMA glaciers for the period

2000–2016. The morphological variables have contrasted influences over our 12 studied regions, and they

explain 8% to 48% of the mass balance variability. The best predictors of this variability are the slope of the

tongue and the mean elevation of the glaciers. The gentler the slope, the more negative the mass balance.

Except for Spiti Lahaul and Pamir Alai, the higher the glacier, the less negative or the more positive its mass

balance. The influence of the debris cover is less clear than that of the former predictors. In some regions,

debris-covered glaciers have similar or more negative mass balances than debris-free glaciers, and for other

regions, we observe the opposite. The influence of the debris is complicated to untangle from the effect of

the other morphological variables, because heavily debris-covered tongues are often situated at lower eleva-

tion than debris-free tongues, where ablation is higher. Overall, we did not observe systematic differences

between debris-free and debris-covered glaciers in terms of glacier mass balances.

Lake-terminating glaciers have more negative mass balances than the region averages. Nevertheless, this

effect is not systematic, and specific studies need to be conducted on these glaciers to better quantify the

lake influence and assess the GLOF hazard.

As the morphological variables explain only a limited fraction of the mass balance variability, we advocate

for deeper investigations of the link between climatology, climate change, and glacier mass balance. First

of all, climatically homogeneous regions have to be defined in an objective way. Once this step is achieved,

it would be very interesting to investigate the glacier mass balance sensitivities to temperature and precip-

itation changes, in order to understand whether the recent mass changes can be attributed to contrasting

climate sensitivity or to heterogeneous climate changes. However, this is a great challenge in HMA, since

existing large-scale climate data sets do not accurately represent conditions at the glacier locations.
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