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To better understand the influence of topography on the formation of Himalayan debris-covered glaciers,
we manually digitized 5301 glaciers, covering an area of 5691 + 893 km?, from high-resolution Advanced
Land Observing Satellite imagery, and identified 842 debris-covered glaciers with a debris-covered area
of 3839 + 753 km?. This estimation of the debris-covered area of these glaciers is a novel approach in the
Eastern Himalayas. We investigated the relationship between the debris-covered area and the corre-
sponding potential debris supply (PDS) slopes for the debris-covered glaciers across the region. The PDS
slopes on the southern side show better correlation with their debris-covered area formation than those
situated on the northern side of the Himalayan barrier, with this correlation weakening toward the
western massifs. Further investigation showed that PDS slopes oriented SE to W exert a stronger control
on the formation of debris-covered areas, which is related to the diurnal freeze—thaw cycle on the

southern slope of the mountain barrier.

© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Himalayan glaciers play a crucial role in the maintenance of
regional water resources in South Asia (Immerzeel et al., 2013);
however, their response to climate change varies spatially (Fujita
and Nuimura, 2011; Yao et al., 2012; Cogley, 2016), making accu-
rate assessments of their ongoing and future contributions to water
resources difficult. Limited accessibility, primarily due to the
rugged terrain and poor socioeconomic conditions, hinder in situ
observations in the high mountains, as previous researchers typi-
cally relied on the limited number of glaciers located at relatively
lower elevations (Tshering and Fujita, 2016). Never-the-less, het-
erogeneous fluctuations in the mass balance of Himalayan glaciers
have been gradually and increasingly revealed by in situ observa-
tions (Fujita and Nuimura, 2011; Yao et al., 2012; Zemp et al., 2015;
Tshering and Fujita, 2016), remote sensing measurements (Bolch
et al,, 2012; Kaab et al., 2012; Nuimura et al., 2012, 2017; Gardelle
et al,, 2013; Ragettli et al., 2016), and numerical modeling (Fujita,
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2008; Fujita and Nuimura, 2011; Shea et al., 2015).

A glacier inventory is a basic dataset used in glaciological in-
vestigations such as monitoring, modeling, and regional climatic
analysis (e.g., Kaab et al., 2012; Gardelle et al., 2013; Sakai et al.,
2015). Multiple glacier inventories have been created recently for
the high mountains of Asia, including the Randolph Glacier In-
ventory (RGI: Pfeffer et al., 2014), International Centre for Inte-
grated Mountain Development (ICIMOD, IGI hereafter: Bajracharya
et al.,, 2014a), Glacier Area Mapping for Discharge from the Asian
Mountains (GAMDAM, GGI hereafter: Nuimura et al., 2015), and the
2nd Chinese Glacier Inventory (CGI: Guo et al,, 2015). However,
these various inventories contain discrepancies in terms of the
number of glaciers inventoried and their associated areal coverage
(Nagai et al., 2016), which may lead to inaccurate regional estimates
of water storage across the Himalayas. All of the above-mentioned
inventories are based on the relatively coarse-resolution Landsat
satellite images (30 m), which do not capture some of the smaller
glaciers that are susceptible to disappearing in response to recent
climate change (Paul et al., 2013; Ojha et al., 2016).

The contribution of debris cover to the overall evolution of
debris-covered glaciers in the Himalayan region is poorly under-
stood (Scherler et al., 2011a; Fujita and Sakai, 2014). The ablation
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zone of most of the glaciers in this region is covered with a debris
mantle. Because of the insulating properties of the debris, glaciers
covered with a thick debris mantle tend to melt more slowly than
those with only a thin debris mantle (Mattson et al., 1993). How-
ever, remote sensing analysis suggests comparable surface
lowering rates for both debris-covered and debris-free glaciers
(Kaab et al., 2012; Nuimura et al., 2012). In the high mountains of
Asia, Scherler et al. (2011b) reported that glaciers situated at lower
relief zones were primarily nourished by snowfall and thus had
little or no debris cover, whereas those having steep accumulation
zones had thick debris mantle. In the Bhutan Himalaya, Nagai et al.
(2013) found that the south-facing, ice-free head walls above gla-
ciers were the primary contributors to formation of debris-covered
area through diurnal freeze—thaw cycles. However, previous
studies in the Eastern Himalayas have scarcely dealt with debris-
covered areas and their regional features, and the formation of
debris-covered areas to local topography has rarely been addressed
at the regional scale. This study thus aims to investigate the rela-
tionship between topographic settings and the extent of the debris-
covered area in the Eastern Himalayas using a newly created high-
resolution glacier inventory.

2. Study area, data, and methods
2.1. Study area

We studied both debris-free (hereafter termed the C-glacier, in
reference to a clean-type glacier) and debris-covered (hereafter
termed the D-glacier) glaciers and their spatial distribution across
the Eastern Himalayas (85.0—92.0°E; 27.5—29.0°N) on both sides of
the Himalayan barrier, and covering the political territories of

Bhutan, India, China, and Nepal (Fig. 1a). Glaciers in the region form
at high elevations, ranging from 4000 to 7600 m above sea level
(a.s.l) (Bajracharya et al., 2014a), and have been rapidly shrinking
over recent decades (Gardelle et al., 2013; Ojha et al,, 2016). We
divided our study area into four massifs: namely Langtang (LT),
Khumbu (KB), Kanchenjunga-Sikkim (KS), and Bhutan (BT). We
further categorized the glaciers into southern slope (hereafter
termed S-glacier) and northern slope (hereafter termed N-glacier)
glaciers, in which the Eastern Himalayas mountain barrier is
viewed as a climatic barrier, to understand the role of large
mountain ranges in the formation of debris cover on glaciers. This
geographical separation closely follows the political boundaries of
the neighboring nations, barring a few areas in the western massifs
(Fig. 1b).

2.2. ALOS imagery

We created a new glacier inventory for the Eastern Himalayas
using images taken by the Panchromatic Remote-sensing Instru-
ment for Stereo Mapping (PRISM, 2.5-m resolution) and Advanced
Visible and Near Infrared Radiometer type 2 (AVNIR-2, 10-m reso-
lution), both of which are on board the Advanced Land Observing
Satellite (ALOS). All of the PRISM images used in this study were
acquired between 2006 and 2011, mostly during the post-monsoon
season. In total, 104 (out of 1536 available images) PRISM images
and 4 (out of 23 available images) AVNIR-2 images, possessing
minimal cloud and snow cover, were selected for glacier delinea-
tion. Most of the glaciers (>99%) were delineated from the PRISM
images, whereas AVNIR-2 images were used only in those areas
where the PRISM images were unavailable. Most of the images (97)
were orthorectified using PRISM-derived digital elevation models
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Fig. 1. Spatial distributions of: (a) extent of debris-free (C-glacier) and debris-covered (D-glacier) glaciers across the Eastern Himalayas, and (b) extent of northern-side (N-glacier)
and southern-side (S-glacier) glaciers, which are distinguished by the geographical boundary of the Eastern Himalaya mountain barrier. Regional statistics are analyzed for the
Langtang (LT), Khumbu (KB), Kanchenjunga-Sikkim (KS), and Bhutan (BT) massifs, whose areas are defined by the light gray polygons.
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(DEMs) created using the Digital Surface Model and Ortho-image
Generation Software for ALOS PRISM (DOGS-AP: Takaku and
Tadano, 2009), with the remaining seven images orthorectified
using the Leica Photogrammetric Suite (LPS 2011), as per the pro-
cedures adopted for Bhutan (Nagai et al., 2013, 2016) and Nepal
(Ojha et al., 2016).

The second version of the Global Digital Elevation Model pro-
duced from the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER-GDEM2; 1-arcsec, approximately
30-m resolution; Tachikawa et al., 2011), was used for the genera-
tion of contour maps, slope maps, and other topographic parame-
ters. This is because the PRISM-DEMs contain numerous voids in
the upper accumulation area where the snow surface lacks suffi-
cient contrast to create stereo views, whereas those voids are filled
by multiple DEMs in the ASTER-GDEM2. The ASTER-GDEM2 is also
more accurate than the Shuttle Radar Topography Mission (SRTM)
where high and steep mountains are concerned (Luedeling et al.,
2007; Reuter et al., 2007; Nuimura et al., 2015).

2.3. Glacier delineation

Glacier delineation of the high mountains in Asia is a chal-
lenging task because no single methodology is able to reflect the
real ground conditions over an entire region. Existing delineation
methodologies depend largely on the type of glacier, the extent of
the study area, the type of imagery used, the quality of the images
used (e.g., season of image acquisition and snow cover conditions),
and the intended accuracy (Paul et al., 2013; Cogley, 2016). For
instance, the global and regional inventories, such as the RGI
(Pfeffer et al., 2014) and IGI (Bajracharya et al., 2014a, 2014b), are
based on semi-automatic delineation, whereas the GGI (Nuimura
et al., 2015), which covers the high mountains in Asia, is based
completely on manual digitization. Although semi-automatic
delineation offers high accuracy (ranging between 2% and 3% in
area) and is reproducible for debris-free glaciers, it requires manual
correction where debris-covered glaciers exist (Paul et al., 2013). As
our study region is abundantly populated with debris-covered
glaciers, we preferred the manual approach, as this was the same
method successfully applied for the GGI (Nuimura et al., 2015), as
well as regional glacier inventories in Bhutan (Nagai et al., 2013,
2016) and eastern Nepal (Ojha et al., 2016).

Glaciers were identified according to the guidelines outlined by
the Global Land Ice Measurements from Space (GLIMS) initiative
(Racoviteanu et al., 2009; Raup and Khalsa, 2010), which recom-
mends that a single operator and the same resolution images are
used throughout the delineation process to reduce ambiguities
among the different operators and image resolutions. The bound-
ary and its surrounding areas are discriminated by observing
multiple ALOS images taken on different dates to avoid misinter-
pretation caused by seasonal snow cover (Nagai et al., 2013, 2016).
Slope distribution and contour lines generated from the ASTER-
GDEM2 help to distinguish the upper boundaries of the glaciers,
whereas snowfields are separated from the glacier surface by
interpreting the surface roughness visually from multiple images.
In addition, ice cover above the bergschrund and glacier on steep
slopes is also considered part of the glacier surface, as per the
GLIMS tutorial (Raup and Khalsa, 2010). Finally, the delineated
glacier outlines are overlain on high-resolution Google Earth im-
ages for further improvement and correction. All the procedures
implemented here were also carried out for glacier delineation
across the Bhutan and Nepal Himalayas (Nagai et al., 2013, 2016;
Ojha et al., 2016).

To understand how climatic influences and geographical set-
tings shape glacier distribution, we categorized each glacier as
either a C- or D-glacier, and further separated the D-glaciers into

their debris-free (hereafter termed the C-part) and debris-covered
parts (hereafter termed the D-part). Although the identification
was rather subjective, the upper boundaries of the D-part areas
were confirmed by inspecting multiple images from different dates
over the same season. The polygons were later improved with the
help of high-resolution Google Earth images.

2.4. Potential debris supply slope

The concept of the potential debris supply (PDS) slope was
proposed to understand the formation of debris-covered glaciers in
the Bhutan Himalaya (Nagai et al., 2013). The PDS slope is defined as
the slope that could supply a debris mantle onto the glacier surface
via rockfalls or avalanches, and was manually digitized as a
continuous slope between the glacier boundary and mountain crest
(Fig. 2). Mountain ridges were confirmed by contour and slope
maps generated from the ASTER-GDEM?2 data. Slopes interrupted
by hills or lateral moraines were excluded from the PDS slopes, as
the debris from these slopes is prevented from reaching the glacier
surface by local depressions, whereas the slopes of lateral moraines
were included if they are inclined toward the glacier surface. Small
depressions (<60 m in size) that were not identifiable from the
contour map were manually corrected with the help of high-
resolution Google Earth images and excluded from the PDS area.
Furthermore, the polygons were compared with the Google Earth
images as a quality check. As the PDS slopes tend to be steep, the
PDS slope area was divided by the cosine of its respective slope
gradient to estimate its true area.

2.5. Accuracy of delineated glacier

The accuracy of the delineated glacier outlines depends largely
upon the pixel resolution, image quality, threshold value, and
operator experience (Paul et al., 2013). However, different ap-
proaches to accuracy estimation have been proposed by different
authors, dependent on their requirements and intended study
focus (Fujita et al., 2009; Bajracharya et al., 2014a, 2014b). The
methodology proposed by Nagai et al. (2016) in the Bhutan
Himalaya was based on multiple digitizations of debris-free and
debris-covered glaciers, in which they digitized 10 debris-free
glaciers and 6 debris-covered glaciers using four different opera-
tors, and an uncertainty ratio was calculated based on the mean
and standard deviation of these digitized areas. In the Bhutan
Himalaya, larger uncertainties were found for smaller glaciers and
vice versa, regardless of the degree of debris cover. As our study
area is similar to that of the Bhutan Himalaya, in terms of glacier
formation and physiographic characteristics, we opted for the
methodology proposed by Nagai et al. (2016), which is based on
two different empirical equations: y = 30.5x~%19 for C-glaciers and
y = 7.54x7912 for D-glaciers, where x and y denote the area of a
given glacier and its associated uncertainty, respectively.

3. Results and discussion
3.1. ALOS-derived glacier inventory (AGI)

We identified 5301 glaciers across our study area, covering a
total area of 5691 + 893 km?, and they comprised 4459 C-glaciers
covering an area of 1853 + 141 km? (0.42 km? per glacier) and 842
D-glaciers covering an area of 3839 + 753 km? (4.6 km? per glacier:
Table 1 and Fig. 1a). Our ALOS-derived glacier inventory (AGI)
covers 6%, in terms of both number and area, of the GGI, which
covers all of the high mountains in Asia (Nuimura et al., 2015). The
number-to-area distribution of C-glaciers identified in this study is
heavily right-skewed, supporting highlighting the proliferation of
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Fig. 2. Example of delineation. The background image is an ALOS-PRISM image taken on 31 October 2010. Blue lines delineate C-glaciers, whereas red and black lines delineate the
C- and D-parts of D-glaciers, respectively. Gray polygons delineate PDS slope areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 1
Summary of the ALOS (AGI: this study), GAMDAM (GGI: Nuimura et al., 2015), and
IGI (ICIMOD: Bajracharya et al., 2014a) glacier inventories in the Eastern Himalayas.

AGI GGl IGI
Total C-glacier D-glacier
Number 5301 4459 842 4526 4690
Area (km?) 5691 + 893 1853 + 141 3839 + 753 5422 6212
C-part D-part

2867 + 167 971 + 237

smaller debris-free glaciers, whereas the D-glaciers are symmetri-
cally distributed over different glacier sizes (Fig. 3). The cumulative
area of the D-glaciers is almost double that of the C-glaciers. The
median areas of the glaciers (0.1 km? for C-glaciers and 1.5 km? for
D-glaciers) are much smaller than their respective mean areas
(0.4 km? for C-glaciers and 4.5 km? for D-glaciers), further high-
lighting the considerable extent smaller glaciers across our study
area.

Although the AGI shows a higher number of glaciers (5301) than
the GGI (4526) and IGI (4690), this is most likely the result of the
finer-resolution (2.5 m) images used for the delineation. In

addition, the total areal coverage (5691 + 893 km?) of the AGI
glaciers was less than that of IGI (6212 km?), but greater than that of
GGl glaciers (5422 km?: Table 1). These three inventories show
similar hypsometric profiles, although a significant discrepancy
was observed between the AGI and GGI at higher elevations,
possibly because of the slope limitation associated with the upper
glacier boundary in the GGI. The IGI overestimates the total areal
coverage at all elevations (Fig. 4a).

Fig. 4a also shows the hypsometry of the C- and D-glaciers, with
the D-glaciers exhibiting a broader elevation distribution than the
C-glaciers, although both glacier groups have their maximum areal
coverage at similar elevations (5400—5600 m a.s.l.). The median
elevation of the glaciers in this region is 5605 + 402 m a.s.l., with D-
glaciers (5484 + 369 m a.s.l.) clearly situated at lower elevations
than C-glaciers (5627 + 404 m a.s.l.: Table 2). The mean slope of the
glaciers is 30° + 9°, with the D-glaciers (26° + 6°) possessing
distinctly flatter profiles than the C-glaciers (31° + 9°).

3.2. PDS slope and extent of debris cover

The 842 D-glaciers were further separated into their respective
C- and D-parts, with the C-part covering 0.01-80.9 km? (mean area
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The average gradient of the D-part (22° + 8°) is much gentler than
that of the C-part (30° + 8°: Table 2). Although these gradients
seem steeper than what is generally observed on valley glaciers,
this is the result of the DEM-based calculation. The irregular
topography of debris-covered glaciers (including ice cliffs and
supraglacial ponds) results in a heterogeneous surface slope
pattern that generally causes the DEM-based slope gradient to be
steeper than the gradient along the flow line (Salerno et al., 2017).
Previously published glacier inventories have similar values for the
glacier slope gradient because the same DEM-based approach was
used to calculate these gradients as attribute data so that these
show similar values (AGI = 31°, RGI = 26°, ICI = 30°, GGI = 28° for
C-glaciers).

The coupling of hillslopes and glacier dynamics influences the
extent of Asian debris-covered glaciers, as Scherler et al. (2011b)
found positive correlations between the debris-covered areas and
hillslope angles of ice-free areas above the snowline, and also with
the percentage of ice-free areas in the accumulation area. In this
study, we first analyzed the relationships between glacier size,
debris-covered area, and PDS slope area to determine how these
correlate with each other in the Eastern Himalayas (Fig. 5). The
relationship between debris-covered area and glacier size (Fig. 5a,
n = 842) is similar to that reported by Scherler et al. (2011b),
although they analyzed a broader region across high mountain Asia
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Fig. 4. Hypsometry of: (a) the ALOS glacier inventory (AGI: gray), with the profiles of C-glaciers (blue) and D-glaciers (red) included, compared with the ICIMOD (ICI: purple) and
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to colour in this figure legend, the reader is referred to the web version of this article.)

of 3.4 km?) of a given glacier, whereas the D-part covered only
0.01-272 km? (mean area 12 km?), for total areas of
2867 + 167 km? and 971 + 236 km?, respectively (Table 2). The C-
and D-parts of the D-glaciers show distinct differences in their
maximum areal coverage at the upper (5600—5700 m a.s.l.) and
lower elevation (5100—5200 m a.s.l.) modes (Fig. 4b), resulting in
median elevations of 5608 + 336 m and 5198 + 358 m a.s.l.
(Table 2), respectively. Interestingly, we found that the hypsometry
of the C-part is identical to that of C-glaciers below 5400 m a.s.l.
(Fig. 4a and b), indicating that a snowline exists in this elevation
range, with the D-part of D-glaciers forming at lower elevations.

(Fig. 3a of their study). Both the debris-covered area (Fig. 5a,
r=0.77,p < 0.001) and PDS slope area (Fig. 5b, r = 0.83, p < 0.001)
are strongly correlated with the associated glacier size. If a topo-
graphic similarity is shared among Himalayan debris-covered gla-
ciers, the obvious relationship is that larger glaciers have larger
areas of both debris cover and PDS slope. Despite these strong
correlations, however, it should be noted that the glacier area scales
range over two orders of magnitude when comparing these two
metrics; i.e., 100%—1% for debris-cover, and x 10 to x 0.1 for PDS
(Fig. 5a and b). The relationship between the areas of debris cover
and PDS slope shows that the majority falls within the range of one
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Table 2

Regional statistics of the ALOS glacier inventory. The error represents the standard deviation for both the median elevation and gradient values. The value in parentheses

depicts the number of glaciers in the corresponding massifs.

Regions Langtang Khumbu

Kan-Sikkim Bhutan Total

Glacier area (km?) 901 + 149 (704) 1847 + 291 (1497)

1355 + 208 (1358) 1587 + 243 (1742) 5691 + 893 (5301)

C-type 269 + 20 (536) 495 + 38 (1247) 475 + 36 (1157) 615 + 48 (1519) 1853 + 141 (4459)
D-type 632 + 129 (168) 1352 + 254 (250) 880 + 172 (201) 972 + 196 (223) 3838 + 752 (842)
C-part 448 990 675 752 2867 + 167
D-part 184 362 204 220 971 + 236
Median elevation (m a.s.l.) 5513 + 391 5705 + 444 5637 + 392 5531 + 349 5605 + 402
C-type 5580 + 375 5736 + 453 5654 + 402 5537 + 344 5627 + 404
D-type 5301 + 369 5542 + 363 5539 + 305 5507 + 385 5484 + 369
C-part 5463 + 341 5672 + 350 5644 + 280 5612 + 332 5608 + 336
D-part 4981 + 326 5266 + 345 5246 + 323 5252 + 356 5197 + 358
Gradient (degree) 32+8 31+9 30+8 26+7 30+9
C-type 32+9 32+9 31«8 27 +7 31+9
D-type 30+7 28+7 27 +5 23+5 26+6
C-part 33+7 31+8 30+7 25+6 30+8
D-part 25+9 22+9 21«8 19+6 22+8
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Fig. 5. Relationships between: a) debris-covered area and glacier size, b) PDS area and glacier size, and c) debris-covered area and PDS area of debris-covered glaciers (D-glaciers:
circles) and debris-free glaciers (C-glaciers: crosses) across the Eastern Himalayas. Crosses forming a line at the bottom of each panel denote "zero area" for debris cover and PDS,
which are conveniently depicted as minima on the log—log plots. Zero area data (n = 1315) are excluded from the regression line and correlation calculations for the C-glaciers in

(b). The p-value is less than 0.001 in all cases.

order of magnitude ( x 1 to x 0.1: Fig. 5c), suggesting that the
debris cover and PDS slope have a more direct connection when
compared with their respective relationships with glacier size. If we
incorporate C-glaciers, which by definition have no debris-covered
area, it is clear that glacier size is not a crucial factor for determining
the debris-covered area (Fig. 5a). However, the PDS slope area was
identified for 3144 C-glaciers (71% of total), whose distribution
ranges over three orders of magnitude ( x 10 to x 0.01), resulting in
a reduced correlation coefficient than that observed for D-glaciers
(Fig. 5b, r =0.69, p < 0.001). The absence of a debris-covered area in
the C-glaciers is most likely to be due to their smaller size and the
gentler gradient of the PDS slope. The mean areas of the PDS slope
and glacier size for C-glaciers are 0.17 km? and 0.42 km?, respec-
tively (including 1315 C-glaciers with no PDS slope), whereas those
of the D-glaciers are 2.6 km? and 4.6 km?, respectively, suggesting
that both the source region for debris supply and the glacier surface
where this debris can collect, may be insufficient. Furthermore, the
gradient of the PDS slope for C-glaciers (30° + 9°) is statistically
gentler than that for the D-glaciers (37° + 7°, p < 0.001), suggesting
that the debris generated on the PDS slope may not fall onto the C-
glacier surface (Fig. 6). We emphasize that our analysis quantifies
the relationship between the areas of debris cover and PDS slope,
whereas Scherler et al. (2011b) revealed the qualitative relationship
through the debris-covered ratio and hillslope angle situated above
the snowline. Scherler et al. (2011b) also analyzed less than 70
glaciers within the domain of this study (counted from Fig. 2a of
their study), whereas we have analyzed more than 800 D-glaciers.

Although Scherler et al. (2011b) analyzed the ice-free slope
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8 400+ n: 842
ko] Area: 2173 km?
& 3001 Gradient: 37° + 7°
O
200+
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PDS gradient (°)

Fig. 6. Histogram and box plot of PDS slope gradients for C- and D-glaciers in the
Eastern Himalayas. The box, thick line, circle, and whiskers denote the interquartile,
median, mean, and standard deviations, respectively. The vertical width of the box
denotes the total area of corresponding PDS slope.

situated above the snowline altitude, the PDS slope used in this
study has no defined elevation constraint (Nagai et al., 2013).
Therefore, it may be argued that the debris generated from a lateral
moraine will not be a likely contributor to covering the glacier
surface because the debris will not travel far enough to spread out
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Table 3
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Regional statistics of northern-side and southern-side glaciers across the Himalayan barrier and their attributes (2006—2011). The error represents the standard deviation for
both the median elevation and gradient. The value in parenthesis depicts the number of glaciers in the corresponding massifs.

Regions Langtang Khumbu Kan-Sikkim Bhutan Total
Glacier area (km?)
Northern-side 335 + 52 (218) 954 + 142 (666) 416 + 56 (486) 929 =+ 46 (850) 2636 + 397 (2220)

Southern-side
Median elevation (m a.s.l.)

565 + 95 (486) 892 + 149 (831)

Northern-side 5672 + 419 5891 + 474

Southern-side 5441 + 356 5555 + 355
Gradient (degree)

Northern-side 30+8 30+8

Southern-side 33+9 32+9

938 + 152 (872) 657 + 97 (892) 3054 + 495 (3081)

5837 + 346 5744 + 334 5802 + 399
5528 + 370 5330 + 222 5464 + 341
31+8 28+7 30+8
30«8 25+6 30+8

Table 4
Correlation coefficient (r) between PDS slope area and D-part area for different as-
pects. The p-value is less than 0.001 in all cases.

Regions LT KB KS BT

All PDS slope 0.87 0.82 0.82 0.82
South-facing slope 0.68 0.65 0.64 0.87
North-facing slope 0.77 0.70 0.76 0.67

onto the central part of an irregular glacier surface. However, as
illustrated in Fig. 2, debris that has fallen from a lateral moraine
accumulates at the edges of the glacier, and is then conveyed and
spread down-glacier along the glacier flow. This feature, termed
elongated debris cover, is found on glaciers across the northern
slope of the Himalayas (Nagai et al., 2013). These debris falls could
occur frequently from lateral moraines because the inside slope
tends to be steep and fresh enough to generate a gravity instability
(Fujita et al., 2008). Heavy rains could also cause debris flows or
falls from the loose slope of a lateral moraine, although these would
be rare. The amount of debris would be significantly less than that
from the upper ice-free slope, thus causing the debris cover origi-
nating from a lateral moraine to be masked by debris originating
from the upper slope, particularly across the southern slope of the
Himalayas (Nagai et al., 2013). Although the contribution of debris
originating from a lateral moraine to the entire debris-covered area

9000
]
9000
]

8000
8000
Sl

7000
7000

Elevation (ma.s.l.)
6000

Elevation (m a.s.l.)
6000
5000

5000

of the Himalayan glaciers would be small, the PDS slope neigh-
boring the ablation zone contributes to the formation of debris-
covered area, and thus should not be ignored.

3.3. Glaciers on northern and southern slopes

To understand the effect of large-scale topography on the extent
of debris cover in the Eastern Himalayas, we divided the study area
into two zones, with the main Eastern Himalayan range acting as a
climatic barrier. We identified 2220 N-glaciers, covering an area of
2637 + 398 km? and 3081 S-glaciers, covering an area of
3055 + 495 km? (Table 3). Fig. 4c shows that the maximum coverage
of the S-glaciers occurs at lower elevations (5400—5500 m a.s.l.)
than that of the N-glaciers (5800—5900 m a.s.l.), with median ele-
vations of 5465 + 341 m and 5802 + 399 m a.s.l, respectively
(Table 3). These differences in median elevations are caused partly
by differences in the mean local relief, which is higher on the
southern slope than it is on the northern slope (Scherler et al,,
2011b), and partly by the sharp decline in precipitation along the
northern slope of the Himalayan barrier (Maussion et al., 2013).

3.4. Regional trends

3.4.1. C- and D-glaciers
The far-western LT massif has fewer clusters of glaciers, in terms
of both area and number, compared with the other three massifs
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Fig. 7. Hypsometry of: (a) all glaciers across the study region, (b) C-glaciers, (c) D-glaciers, and (d) the C-part (thin dashed lines) and D-part (thick solid lines) of the D-glaciers for

the four massifs (LT: Langtang, KB: Khumbu, KS: Kanchenjunga-Sikkim, and BT: Bhutan).
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the web version of this article.)
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(Table 2). The massifs are dominated mainly by the D-glaciers (67%
in total), with the greatest coverage observed across the KB massif
(73%) followed by the LT (70%), KS (65%), and BT (61%) massifs. The
D-part coverage also shows a gentle decline from west to east
(LT = 29%, KB = 27%, KS = 23%, and BT = 23%).

3.4.2. Hypsometry

Fig. 7a shows the hypsometry of the four massifs, with most of
the glaciers situated between 5000 and 6500 m a.s.l. The largest
glaciers in the BT and LT massifs are situated at lower elevations
(5400—5500 m a.s.l.) than those in the KB and KS massifs
(5700—5800 m a.s.l.). The hypsometry of the C-glaciers shows that
the larger glaciers occur at lower elevations (5400—5500 m a.s.l.) in
the BT massif (Fig. 7b), whereas the symmetrical, but highly vari-
able, coverage of the D-glaciers is found across all massifs (Fig. 7c).
Similar elevation profiles are found below 5000 m a.s.l. across all
massifs, whereas the elevation profile is highly variable for both C-
and D-glaciers above 5000 m a.s.l. Fig. 7d depicts the hypsometry of
both the C- and D-parts of the D-glaciers, where the D-part is
evident at lower elevations than the C-part. Although the D-part
has identical altitudinal profiles (except KB), the C-part has highly
variable altitudinal coverage due to the presence of high mountain
peaks across the region.

3.4.3. Median elevations

The median elevations of the D-glaciers are clearly lower than
those of the C-glaciers, especially across the western massifs (LT
and KB), whereas similar median elevations are observed across the
eastern massifs (KS and BT: Fig. 8a). The statistical analysis, based
on a 0.25° weighed area, shows that the median elevation of the C-
glaciers follows a decreasing trend (r = —0.25, p < 0.1) towards the
east, whereas there is no significant trend for the D-glaciers,
implying that the median elevation of the D-glaciers is stable across
the study area. However, the median elevation of the S-glaciers is
distinctly lower than that of the N-glaciers across the Himalayan
barrier (Fig. 8b). From west to east, we find a significant decreasing
trend (r = —0.48, p < 0.01) in median elevation on the southern side
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of the mountain barrier, whereas no significant trend is found on
the northern side. This indicates the stable nature of glaciers on the
northern side of the mountain barrier.

3.5. Relationship between PDS slope and debris-covered area

We checked the normality of both the PDS slope area and D-part
area using a simple quantile—quantile plot (not shown), and found
that they are skewed and widely distributed, and similar to the area
distribution patterns illustrated in Fig. 3. The data were therefore
normalized using the log-transformation method (Venables and
Ripley, 2002; Salerno et al., 2016). Significant positive correlations
were found between the PDS slope areas and D-part areas by
establishing a relationship using Pearson correlation coefficient (r).
Our analysis implies that larger PDS slopes tend to supply greater
amounts of debris mantle to the glacier surface, thus forming a
greater extent of the D-part (Fig. 9a—d). This relationship is strong
for all massifs (LT: r = 0.87, p < 0.001; KB: r = 0.82, p < 0.001; KS:
r=0.82,p <0.001; and BT: r=0.82, p < 0.001). The slightly stronger
correlations for the western massifs may be due to the larger PDS
areas and steeper PDS gradients (Fig. 10a), which probably provide
sufficient debris mantle to the glaciers (Fig. 10b). In a similar study,
Scherler et al. (2011b) found positive correlations between debris-
covered areas and the hillslope gradient of ice-free areas above the
snowline and with the percentage of ice-free areas in the accu-
mulation area. We also tested the relationship between the per-
centage of debris coverage and the mean gradient of the PDS slope.
However, we found no good correlation (LT: r = 0.05; KB: r = 0.18;
and KS: r = 0.27, p < 0.001), except for a slightly better correlation
for the Bhutan massif (BT: r = 0.43, p < 0.001).

We further analyzed the glaciers on the two slopes divided by
the large mountain barrier, the N- and S-glaciers, and investigated
their respective relationships between the D-part area and PDS
area. Although both glaciers show strong positive correlations be-
tween the D-part area and PDS slope area, the S-glaciers tend to
show higher correlations than the N-glaciers for all massifs
(Fig. 10c), which is probably due to a lower D-part area in the N-
glaciers than in the S-glaciers, with the exception of the KB massif
(Fig. 9a—d). This result suggests that the S-glaciers receive more
debris than the N-glaciers, and is in agreement with what Nagai
et al. (2013) demonstrated in the Bhutan Himalaya. We therefore
analyzed the relationship between the south-facing PDS area
(90—-270°, clockwise) and the D-part area (Fig. 9e—h). The corre-
lation is slightly improved (r = 0.87, p < 0.001) over that for the
total PDS slope area (r = 0.82, p < 0.001) for the far-eastern BT
massif, whereas noticeably lower values are found for the other
massifs (LT: r = 0.68, p < 0.001; KB: r = 0.65, p < 0.001; and KS:
r = 0.64, p < 0.001: Table 4). According to Nagai et al. (2013), the
south-facing PDS slope areas are distributed at limited locations
and primarily serve as a source for stripe-like supraglacial debris in
the N-glaciers. Similarly, rockfalls from the PDS in the ablation area
do not travel far, and thus will not contribute to the formation of
debris cover in the central part, but rather the formation of stripe-
like or side-located supraglacial debris in a limited way. We believe
that the stripe-like debris cover in the N-glaciers in the Himalayas
results from the limited contributions of the PDS slopes. However,
the south-facing PDS in the S-glaciers form the headwall, with
rockfalls onto the accumulation area that may become entrained
into the glacier ice. Those rocks reappear at the surface in the
ablation area, thus yielding extensive debris cover (Nagai et al.,
2013). Diurnal freeze—thaw cycles could be one plausible expla-
nation for the effect of south-facing PDS slopes on debris cover
(Nagai et al., 2013). There are also other potential periglacial pro-
cesses that could produce debris mantle. For instance, frost
cracking by ice segregation in the near-surface area is the major

cause of rock fracture in cold humid regions (Murton et al., 2006;
Hales and Roering, 2007), and subglacial plowing and scouring is
a possible source of debris mantle, although it is difficult to quantify
these contributions.

3.6. Effect of aspect and gradient of PDS slope on formation of
debris-covered areas

To understand the effects of the aspect and gradient of the PDS
slope on formation of debris cover, following the analysis of Nagai
et al. (2013), we calculated the correlation coefficients between the
D-part area and its corresponding aspect and gradient for both S-
and N-glaciers along the Himalayan barrier. Fig. 11a and b shows
the correlation coefficients between the PDS slope area and
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corresponding D-part area for S- and N-glaciers, at different as-
pects. The correlation values are consistently higher for S-glaciers
than they are for N-glaciers, and this is caused by the larger PDS
area on the southern side of the Himalayan barrier. Across the far-
eastern BT massif, SW-facing PDS slopes have a high correlation
with the D-part area, which was the main finding of Nagai et al.
(2013), whereas KS, KB, and LT have higher correlation values
with SE-, SW-, and W-facing PDS slopes, respectively. Nagai et al.
(2013) proposed that SW-facing PDS slopes controlled the D-part
area in the Bhutan Himalaya, but this cannot be directly applied to
the other Himalayan regions. For both the S- and N-glaciers, a
higher correlation value is accompanied by a larger PDS area.
Overall, larger PDS areas (%) with slopes oriented SE to W tend to
supply more debris to the glaciers. Similarly, a good association
between a decreasing correlation coefficient and decreasing PDS
area (%) is also found for the N-glaciers (Fig. 11b).

Fig. 11c and d depict the correlation coefficients between PDS
slope area and D-part area for both S- and N-glaciers in different
gradient categories. The PDS areas with gradients less than 65° and
55° are the main sources of formation of debris cover in the S- and
N-glaciers, respectively. The correlation coefficient decreases as
these gradients increase because of the decrease in PDS area
coverage (%). The lower correlation value for the N-glaciers may be
caused by the presence of more snow coverage in its accumulation
zone, as a flatter slope is expected with greater snow coverage, and
thus tends to produce less debris mantle. Conversely, steep slopes
with less snow coverage in S-glaciers may facilitate more frequent
rock falls and avalanches. Although 30% of the PDS area lies at
60—70° in the S-glaciers and 50—60° in the N-glaciers, there were
no evident correlations for those particular gradient ranges. Cor-
relation values are similar for LT and BT, but notably different for KB
and KS in the S- and N-glaciers. Across KB, correlation values are

higher for N-glaciers, whereas they are higher for S-glaciers across
KS.

4. Conclusions

For this study, we used 104 high-resolution (2.5 m) ALOS-PRISM
images to manually digitized 5301 glaciers (5691 + 893 km?) on
both sides of the mountain barrier in the middle of the Eastern
Himalayan range, and covering the political territories of Bhutan,
India, China, and Nepal. We identified 4459 clean-type and 842
debris-covered glaciers, covering 1853 + 141 km? and
3839 + 753 km?, respectively, across the four massifs in our study
region. The novel finding of this study is that an area of
971 + 237 km? is covered by a debris mantle. The regional elevation
profile shows that the glaciers on the southern slope of the
mountain barrier are generally situated at lower elevations when
compared with those on the northern slope.

The debris-covered glaciers were further divided into their
respective debris-covered and debris-free parts to examine for-
mation of debris cover on a regional scale. The potential debris
supply (PDS) slope, which is the probable cause of formation of
debris cover proposed for the Bhutan Himalaya (Nagai et al., 2013),
was used and extended to our study region. We found significant
positive correlations between PDS slope area and the debris-
covered area of glaciers, suggesting that a larger PDS area tends
to produce more debris mantle and supplies it to the glaciers. This
relationship is stronger across the western massifs than it is across
the eastern ones, and this may be the result of the larger PDS areas
and steeper slopes to the west. Further analysis showed that south-
facing PDS slope are more closely correlated to their corresponding
debris-covered glacier areas. Therefore, we have provided further
evidence that the debris-covered area of glaciers is strongly
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controlled by south-to west-facing PDS slopes across the different
massifs. Consequently, we believe that it will be necessary to
extend this study to the Western Himalayas and Karakorum, where
numerous debris-covered glaciers exist under different climates, if
we are to better understand the contribution of PDS slopes to
debris-covered glacier formation.
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