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Debris-covered glaciers in the central Himalayahave nowexperienced several decades of sustained ice loss,man-
ifested predominantly in glacier surface lowering. In particular, glacier surfaces of low longitudinal gradient and
low ice surface velocity have developed locally complex surface topographies and undergone profound changes
in supraglacial hydrology. In this study we examine the development of complex ice surface topography across
six debris-covered glaciers in the Everest region over the last four decades via a newmetric of glacier surface re-
lief applied toDigital ElevationModels (DEMs).We focus in onKhumbuGlacier, and usefine spatial and temporal
resolution DEMs covering a period of 28 months to quantify the contemporary contribution of ice cliff and
supraglacial pond expansion to overall mass loss from stagnant areas of ice. On the broader scale, we find
three common long-term changes in glacier surface topography, (1) glacier-wide expansion of high relief topog-
raphy in response to ice cliff and supraglacial pond network evolution, (2) up-glacier expansion of high local re-
lief zones that may be caused by differential sub-debris melt beneath thin debris, and (3) increase in glacier
surface relief proximal to glacier termini caused by supraglacial stream incision where linked proglacial-
supraglacial hydrological networks exist. Overall, we contend that these topographic measurements will be im-
portant for understanding glacier surface water storage and also the energy balance of a debris-covered glacier
surface, both of which could exacerbate future ice loss and downstreammeltwater supply.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The Himalaya contains the greatest terrestrial ice mass outside the
Polar Regions, comprising more than 18,000 glaciers (RGI Consortium,
2017). Glaciers in the Himalaya have now been losing mass for at least
the last five decades and the rate of ice loss has increased towards the
present day (Bolch et al., 2019; King et al., 2019; Maurer et al., 2019).
There is much spatial variability in the currentmass loss rate of Himala-
yan glaciers, with local climate (Mukherjee et al., 2018), glacier termi-
nus type (Brun et al., 2019; King et al., 2019) and glacier surface
debris cover (Brun et al., 2019; King et al., 2019) all influencing ice
loss rates. Between14 and 18% of the total glacier surface area is covered
by supraglacial debris (Kӓӓb et al., 2012), with debris cover patterns
varying considerably between catchments, and across individual glacier
surfaces, although it is predominantly situated in glacier ablation zones.
Further expansion of debris cover is still expected for many Himalayan
glaciers in the coming decades despite the already widespread debris
mantle on many glaciers (Herreid and Pellicciotti, 2020).

The presence of debris cover complicates the response of a glacier to
climate change (Rowan et al., 2015; Anderson and Anderson, 2016)
. This is an open access article under
because it influences the downward flux of energy that is available for
melt at the glacier surface. Melt can either be enhanced by a thin layer
of surface debris that preferentially absorbs and transmits incident
solar radiation, due to its lower albedo, to ice beneath; or melt can be
inhibited by a thick layer of debris that stores and re-emits incoming en-
ergy with only a small portion reaching the ice surface below (Østrem,
1959; Nicholson and Benn, 2006). Consequently, many debris-covered
glaciers persist at relatively low altitudes no longer occupied by clean
ice glaciers (Rowan et al., 2015).

Spatial variability in melt rates leads to the development of a
complex surface topography that is not commonly found on clean-
ice glaciers.Where debris cover is thick, ice loss is focused at exposed
ice cliffs and with supraglacial pond growth (Sakai et al., 2002;
Watson et al., 2017b). Ponds and cliffs typically occupy a very small
total area of debris-covered glacier ablation zones, but account for
a substantial portion of ice loss. Thompson et al. (2016) estimated
that ponds and cliffs cover 5% of the debris-covered portion of
Ngozumpa, but account for 40% of melt over the same area. Brun
et al. (2018) found that 7–8% of the surface of Changri Nup glacier
was composed of ice cliffs which accounted for 23 ± 5% of the total
ablation over the period November 2015 to November 2017. Simi-
larly, Immerzeel et al. (2014) estimated that cliffs and ponds covered
~8% of their study area on Lirung glacier but accounted for 24% of
total ice melt over their study period.
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The development of a complex glacier surface topography on debris-
covered ice can also heavily impact supraglacial hydrology (Watson
et al., 2017a, 2017b; Miles et al., 2019). Differential melt, ice cliff
backwasting and supraglacial pond development creates more accom-
modation space for the storage of supraglacialmeltwater, thusmodulat-
ing freshwater runoff and water quality (Irvine-Fynn et al., 2017).
Should a supraglacial pond network persist, particularly over glacier
surfaces of low slope and low surface velocity, pond coalescence and ul-
timately glacial lake developmentmay occur (Quincey et al., 2007; King
et al., 2018). The presence of lakes atHimalayan glaciermargins has am-
plified terminus retreat and icemass loss rates (King et al., 2019). Floods
from glacial lakes can travel many hundreds of kilometres downstream
and have been responsible for the great loss of life in the Himalaya
(Carrivick and Tweed, 2016; Miles et al., 2018).

Despite the importance of glacier surface topography as a control on
melt, supraglacial hydrology, hazard development and ultimately melt-
water yield, there remains little knowledge of how debris-covered gla-
cier surface topography evolves over decadal timescales, particularly
during periods of rapid ice loss. In this study we therefore aim to exam-
ine the topographic evolution of debris-covered glacier surfaces in the
Everest region of the Himalaya over the last 32 years by analysing two
sets of fine-resolution Digital Elevation Models (DEMs). Specifically,
we derived glacier surface elevation change data through DEM
differencing to examine broad-scale patterns of glacier thinning. We
then developed a new surface metric that examines the local variability
in glacier surface topography to quantify the impact of long-term ice
loss on glacier surface morphometry in the region. We also examine
changes in the glacier surface at a high (annual) temporal resolution
using DEMs derived from Structure from Motion - Multiview Stereo
(SfM-MVS) that reveal the dominant melt processes operating at the
surface of one of the debris-covered glaciers in our sample. Using
these datasets, we identify the processes driving glacier surface topog-
raphy change, and examine how their spatial extent and concentration
has altered in recent decades.

2. Study site

We focus our study on six glaciers located in the Everest region of the
Nepal Himalaya (Fig. 1, Table 1). The study of long-term glacier change
is the Everest region is facilitated by the historical surveys of Mt. Everest
and its surrounding valleys originally intended to aid mountaineering
expeditions in the region. Some of these historical datasets have been
combined with more contemporary data to reveal long term ice loss
from many of the region's glaciers since the 1960s (Bolch et al., 2011;
Nuimura et al., 2012), which has been driven by increasing air temper-
ature, particularly in winter months, and weak precipitation since at
least the early 1990s (Salerno et al., 2015).

Khumbu Glacier is the largest glacier we study and originates in the
Western Cwn below Mt. Everest. The glacier initially flows west, before
turning to flow south below its icefall. In 2011, 24% of the surface of
KhumbuGlacierwas covered by debris, whereas in 1962, 15% of the gla-
cier was covered by a debris layer (Thakuri et al., 2014). The debris layer
increases in thickness down-glacier, from a few cm near the base of its
icefall, to more than 2 m near its terminus (Rowan et al., 2015;
Rounce et al., 2018). An extensive network of supraglacial ponds and
ice cliffs exists over the lower 6 km of the glacier (Watson et al.,
2016). Between November 2009 and February, Khumbu Glacier gained
>99,000m2 of ponded area (Watson et al., 2016), and the number of ice
cliffs present in its ablation zone increased from 436 to 520 (Watson
et al., 2017a). Bolch et al. (2011) showed increasing surface lowering
rates over the lower reaches of the glacier using a time series of DEMs
spanning the period 1962–2007 (−0.34 ± 0.19 m a−1 from 1962 to
1970 versus −0.79 ± 0.52 m a−1 from 2002 to 2007). The moderate
resolution of their DEMs precluded the attribution of enhanced surface
lowering to a developing network of cliffs and ponds, but the pattern of
surface lowering they show is similar to that caused by cliff and pond
expansion that has been documented on the nearby Ngozumpa Glacier
(c.f., Thompson et al., 2016).

Lhotse Nup and Lhotse Glaciers flow south from the foot of the Lho-
tse/NuptseMassif (8516 & 7861ma.s.l., respectively). These glaciers are
5.1 and 7.1 km in length and show substantial debris cover that has also
expanded in recent decades. Thakuri et al. (2014) estimated debris
cover extent to be 31% and 36%, respectively for these two glaciers in
1962, and 40% and 42% in 2011. A large proportion of their ice mass
input likely comes from avalanching (Benn and Lehmkuhl, 2000).
Watson et al. (2016) documented slight increases in ponded area on
Lhotse and Lhotse Nup Glaciers (expansion of 25,341 m2 and 7524
m2) between November 2009 and February 2015. Both of these glaciers
hosted a similar number of ice cliffs in 2009 (Lhotse- 299, Lhotse Nup-
59) and 2015 (Lhotse- 293, Lhotse Nup- 71) (Watson et al., 2017a).

Lhotse Shar and Imja Glaciers coalesce before terminating into Imja
Tsho - a lake that has been expanding since the early 1960s (Somos-
Valenzuela et al., 2014; Thakuri et al., 2016). Thakuri et al. (2014)
treated the two glaciers as one system, and showed a slight (2%) in-
crease in debris cover area between 1962 and 2011. Watson et al.
(2016, 2017a) documented a decrease in the number of ice cliffs (459
to 289 on Lhotse Shar, 168 to 122 on Imja) and total ponded area
(−56,634 m2 and − 6050 m2) for Lhotse Shar and Imja glaciers be-
tween 2009 and 2015. King et al. (2018) showed increased velocities
over the lower reaches of Lhotse Shar Glacier over the period 2000–
2015 and suggested that the expansion of Imja Tshomay be influencing
glacier dynamics.

Ama Dablam Glacier flows north from the eastern flank of Ama
Dablam (6812 m a.s.l.). Unlike the glaciers on the opposing valley side
(Lhotse, Lhotse Nup and Nuptse Glaciers), Ama Dablam Glacier flows
down from a broad, clean ice accumulation zone that feeds a short
(4.3 km) debris-covered ablation zone. This debris-covered tongue
comprised 26% of total glacier area in 2011 (Thakuri et al., 2014). This
section of the glacier has thinned since the 1970s (Bolch et al., 2011).

3. Methods

3.1. DEM generation

Our analyses are based on DEMs generated using three different ap-
proaches: stereo photogrammetry using aerial photographs (hereafter
AP-DEM), stereo photogrammetry using WorldView satellite imagery
(hereafter WV-DEM), and Structure from Motion (SfM) with Multi-
View Stereo (MVS) (hereafter SfM-DEM) using close range terrestrial
photographs.WV-DEMswere generated from several pairs of 0.5m res-
olution WorldView-1 and WorldView-2 imagery using the Surface Ex-
traction with Triangular Irregular Network (TIN)-based Search-Space
Minimization (SETSM) algorithm described by Noh and Howat
(2015). The WorldView scenes were captured on the 21st March 2016
over the Imja Valley. The WV-DEM covering the Khumbu valley is a
composite of two DEMs, one derived from imagery acquired on the
31st Jan 2015 and one acquired from imagery acquired on the 2nd Feb-
ruary 2015. We assumed that no substantial surface elevation change
occurred in the Khumbu valley during the two-day gap between the ac-
quisition dates andmosaicked the twoWV-DEMs. The SETSMalgorithm
used to generate theWV-DEMs uses only the Rational Polynomial Coef-
ficients (RPCs) as geometric constraints, the geolocation accuracy of
which is 5 m (Noh and Howat, 2015). RPCs are updated by the SETSM
algorithm to increase the geolocation accuracy of DEMs to ±4 m in X,
Y and Z directions. WV-DEMswere generated at 2m ground resolution.

SfM-MVS DEMs were generated following three detailed terrestrial
photographic surveys of the ablation zone of the Khumbu Glacier,
from the icefall in the middle of the glacier to the terminus in October
2015, May 2016 and May 2017. These surveys were completed by tra-
versing moraine ridges and elevated routes along valley sides and tak-
ing photos of the surface of the glacier and its lateral moraines at
regular intervals (approximately every 30 m). All three surveys were



Fig. 1. The six glaciers we focus on in this study, and the extent of the DEM datasets. WV-DEM coverage is complete for the entire study area and is therefore not shown on the figure.
Background image is a RapidEye scene captured in April 2015. Inset map shows the location of the Everest region in a broader context.
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conducted using the same survey route, and all contained a very similar
number of photographs (~1300 in each survey). We used Agisoft
Photoscan (version 1.3.4) to carry out the processing steps required in
a standard SfM-MVS workflow (e.g. Smith et al., 2016). Camera align-
ment and sparse point cloud generation were carried out and only
points with a reprojection error of <1.5 were retained. Field-derived
Ground Control Points (GCPs) (see Section 3.2) were identified and
Table 1
Attributes of glaciers studied. Glacier ID and elevation information extracted from RGI V6.0 (RG

Glacier ID Glacier name Length (km) Area (km2)

G086917E27925N Lhotse 7.1 6.9
G086820E27978N Khumbu 15.7 39.5
G086949E27913N Lhotse Shar 6.5 7.01
G086949E27913N Imja 3.71 8.29
G086889E27929N Lhotse Nup 5.1 3.89
G086882E27875N Ama Dablam 6.25 5.51
placed in photographs from each epoch (October 2015, May 2016 and
May 2017). The mean GCP Root Mean Square error (RMSE) was 0.25
m (n = 25) in the October 2015 survey, 0.26 m (n = 27) in the May
2016 survey, and 0.25 m (n = 25) in the May 2017 survey. Dense
point clouds were produced using PhotoScan's MVS algorithm and
were cleanedmanually to remove obvious blunders.We used the Topo-
graphic Point Cloud Analysis Toolkit (ToPCAT) (Brasington et al., 2012)
I Consortium, 2017).

Min elev. (m) Max elev. (m) Range (m) Debris cover (%)

4821 6082 1261 42
4915 8062 3147 24
5021 7998 2977 27
5019 8000 2981 35
4979 5470 491 40
4761 6170 1409 26

Image of Fig. 1
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to decimate and rasterise the resulting point cloud, setting a minimum
point density of 10/m2 to produce a 2 m resolution DEM from each
time period.

The AP-DEMwas derived from fine resolution (0.5m ground resolu-
tion) aerial photographs acquired in 1984 using a Wild RC-10 camera
(Washburn, 1989). We used 7 images from the BradfordWashburn ae-
rial photo set, purchased from Swissphoto and scanned at 1693 dpi
using the original diapositives. DEM processing was carried out using
PCI Geomatica within a frame camera geometric model setup and 2 m
DEMs were produced, matching the resolution of the WV & SfM
DEMs. Aerial photograph pairs were processed separately for the
Khumbu and Imja valleys due to insufficient overlap between image
pairs at the edges of each valley for a single composite DEM to be gen-
erated. The outer limits of each of the AP-DEMs fell over Nuptse Glacier,
and this glacier has not been included in further analyses because of
poor data quality in the peripheral areas of the twoAP-DEMs. Seventeen
evenly spread GCPs were used in the Khumbu valley AP-DEM genera-
tion, and seven in the Imja valley AP-DEM generation (Fig. 1).

3.2. Ground control

The geolocation of our AP-DEM and SfM DEMs was fixed using an
extensive set of GCPs collected in the Khumbu and Imja valleys.We col-
lected 70 spot height measurements of stable features (mostly large
boulders) easily distinguished in both the terrestrial photographic sur-
veys from each epoch, and the aerial photographs (Fig. 1). We used
two Leica GS10 differential GPS (dGPS) units to collect GCPs. One
dGPS unit was deployed as a temporary base station over the duration
of the October 2015 survey, with the other used as a rover to collect
GCPs. Each GCP was occupied in static mode for a minimum of 10
min. We used simultaneous position, phase and ephemeris data from
the permanent Syangboche dGPS base station (approximately 20 km
from the Khumbu) to resolve the position of our temporary base station
at the Khumbu, and then used this temporary base station location as a
fixed reference against whichwe could adjust the location of our rover-
measured GCPs. All dGPS data processing was completed using Leica
Geoffice software, and the mean 3-D positional uncertainty of the 70
GCPs used in AP-DEM and SfM-DEM processing was 5.1 mm.

3.3. DEM coregistration and bias removal

The generation of DEMs from imagery acquired by different sensors
and through different approaches (with or without ground control
data) resulted in some geolocation inconsistencies between the differ-
ent DEMs. Initial differencing of the AP-DEMs against theWV-DEMs re-
vealed a misalignment between these DEM sets. We eliminated co-
registration error between the AP-DEM and WV-DEMs by following
the methods of Nuth and Kääb (2011). We used the WV-DEM as the
master DEM during the co-registration process because of its greater
coverage of the study area compared to SfM-DEMs. The mean and stan-
dard deviation of off-glacier AP-DEM-WV-DEM elevation differences
was −0.66 & 8.36 m for the Imja valley, and −0.39 & 7.14 m for the
Khumbu valley following co-registration.

3.4. Topographic classification of glacier surfaces

Features of complex local topography are ubiquitous on debris-
covered glaciers. Ice cliff complexes are easily distinguished from the
surrounding, undulating topography of the glacier surface, and from
supraglacial ponds, by their contrasting slope or vertical relief. DEMs
of sufficiently fine resolution to capture small-scale changes in surface
topography can therefore be interrogated to distinguish such features
and the distribution and density of such features examined in both
space and time. The extent of such features can also be quantified
from optical imagery but may be time consuming because of the re-
quirement of manual digitisation (in the case of ice cliffs – Watson
et al., 2017a), and may be somewhat complicated by spatially homoge-
nous spectral characteristics of the debris mantled surface.

To identify different glacier surface features from our fine resolu-
tion topographic datasets, we developed a Statistical Measure of Re-
lief (hereafter SMR) metric to summarise the local relief of a subset
region of the glacier. The SMR metric is a sum of the negative eleva-
tion differences within a specified diameter circular window, rela-
tive to a central cell within that window; it follows therefore that
areas of high relief are represented by high SMR values, whereas
areas of low relief are represented by low SMR values. We produced
this metric using 4 cell (8 m diameter), 8 cell (16 m diameter) and 16
cell (32 m diameter) windows, and assessed which produced the
most realistic estimate of local relief associated with ice cliff features,
and which was able to distinguish the most accurate extent of such
features, using a the photographs used to generate SfM models as
reference (Supplementary Table 1). The 8 cell window was deemed
most appropriate for identifying features with sharp changes in relief
(ice cliffs), as well as more gentle breaks in glacier surface topogra-
phy. The 4 cell window was too constrained to identify features of
moderate relief (reclined ice cliffs), and the 16 cell window yielded
estimates of surface relief that were an order of magnitude too
large to be representative of individual ice cliffs (1000s m of relief),
as well as smoothing features of high relief beyond their actual ex-
tent (Fig. 2). Our subsequent analyses therefore focused on metric
grids produced using an 8 cell window on both the 1984 and 2015/
16 DEMs, examples of which are given in Fig. 3.

To assess the variability of glacier surface characteristics in both
space and time, we split the SMR metric into categories, each of
which represented a different topographic classification of the gla-
cier surface. Categories were defined for the supraglacial environ-
ments that represented particular thresholds of negative elevation
differences. Based on field observations and SfM survey photo-
graphs, and detailed satellite image interpretation, SMR values of
<75 m were interpreted as representing gently undulating, debris-
covered or, near some glacier termini, soil mantled areas; values of
76–125 m were identified as representing debris-covered glacier
surfaces of sufficient relief to allow debris slumping; values of 126–
175 m were identified as representing ice cliff flanks, and values of
176 m or greater were identified to be associated with ice cliff
faces. Herein, SMR metric values of <75 m are referred to as SMR75,
76–125 m as SMR75–125, 126–175 as SMR125–175 and > 176 m as
SMR175. The total area occupied by different classes was calculated
for 500 m distance bins along each glacier and compared for the
AP- and WV-DEMs. Supraglacial ponds were removed from analyses
using pond extent data from Watson et al. (2016), which were coin-
cident with our study period.

3.5. Additional data sources

We combined the fine resolution DEMs and glacier surface metric
data with datasets of glacier velocity and supraglacial pond extent gen-
erated by Dehecq et al. (2015) andWatson et al. (2016) for the Everest
region. Glacier surface velocity data were generated by tracking surface
features in a series of Landsat 7 (ETM+) and 8 (OLI) panchromatic im-
ages (see Dehecq et al., 2015 for more details) over the period 2013–
2015. Multiple velocity fields from this period were combined using a
median value for each pixel to give an average velocity field that coin-
cided with the date of our contemporary DEM sets. The supraglacial
pond extent datasets of Watson et al. (2016) were generated using a
combination of Object Based Image Analysis (OBIA) and manual
digitisation of WorldView 1 & 2, GeoEye, Pleiades and QuickBird imag-
ery. Thepondextents ofWatson et al. (2016) cover several timeperiods,
andwe used themost recent pond extents (2013–2015) for each glacier
in our study. We also generated supraglacial pond extents from the
1984 aerial photographs following the same OBIA approach as Watson
et al. (2016).



Fig. 2. SMR values derived over a subset area of the debris covered ablation zone of the Khumbu glacier (A) considering windows of different cell diameters (B-D). The local relief along a
transect (X-X') through a prominent ice cliff (E) considering different window diameters is also shown (F).
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3.6. Uncertainty

We estimated the uncertainty associated with glacier surface eleva-
tion change by deriving the standard error in 100m altitudinal bands of
off-glacier elevation difference data (Bolch et al., 2011). We followed
King et al. (2019) and weighted error estimates by glacier hypsometry
(glacier area split into 100 m altitudinal bands) to better represent the
spatial variability of uncertainty. The uncertainty associated with sur-
face elevation change over clean-ice areas is higher (Table 2) than
over debris-covered ice because debris-free glacier surfaces are found
at a higher elevation in the region, where topographic shading or low
image contrast caused by fresh snow cover may cause blunders in
DEM generation. Still, our estimated uncertainty remains well below
the rate of surface elevation change on-glacier due to the high-
resolution of the aerial and satellite images we have used.

To better understand the impact of DEM blunders on our topo-
graphic metric data we examined the differences in the total area of dif-
ferent metric classes over off-glacier areas which we presumed
remained stable over our study period. By comparing stable terrain
areas, we are also able to test how reliably the SMR algorithm replicates
the vertical relief of topography reconstructed from different data
sources in our DEMs. We limited our comparison of off-glacier metric
areas to slopes of less than 30° to avoid the comparison of erroneous
data caused by topographic shading and areas of natural slope instabil-
ity. There was a 2.74% difference in the total area of the SMR75 between
theAP- &WV-DEMs; a− 0.07% difference in the total area of SMR75–125;
a − 3.30% difference in the total area of SMR125–175, and a 0.64% differ-
ence in the total area of SMR>175. These values are well below the
changes detected in the area covered by different metric classes on gla-
cier. Finally, we estimated the uncertainty associated with our
supraglacial pond and debris extent mapping using a plus or minus
one-pixel perimeter buffer (Watson et al., 2016). The orthoimages gen-
erated alongside the AP-DEM were 1.5 m resolution and the RapidEye
scene used is 6.5 m resolution.

4. Results

4.1. Multi-decadal surface elevation change

Differencing of the AP-DEM andWV-DEMs illustrates substantial ice
loss from each glacier over the 32 year study period (Fig. 4). Surface
lowering rates varied depending on the presence of a debris mantle
(Table 2) and throughout the different elevation ranges of each glacier
(Fig. 4). Land-terminating glaciers (Khumbu, Lhotse, Lhotse Nup and
Ama Dablam) showed most substantial surface lowering several
kilometres up-glacier (Figs. 4 & 5). In the case of Khumbu Glacier, max-
imum surface lowering (~75 m) occurred close to the clean ice debris-
covered transition zone below the location of Everest base camp (EBC
on Fig. 4). Surface lowering was slight (10–20 m) immediately below
the Khumbu icefall, and minimal in the terminus region (mean of
−5.7 m within lowermost 1 km). In the case of Lhotse, Ama Dablam,
and Lhotse Nup Glaciers, surface lowering was most substantial
(means of −17.2, −24.2 and − 16.1 m within 1 km of the debris-
clean ice transition,maximum of ~−65mon each glacier) immediately
below the steep headwall and avalanche debris cones present on each
glacier (Fig. 4). These glaciers did show slight surface lowering in their
terminal regions (mean of−11.4,−12.9& –8.2mwithin 1 kmof glacier
termini). Five of the six glaciers showed surface lowering in clean ice
areas above the extent of debris cover, and only Khumbu Glacier
showed any positive elevation change, close to Everest Base Camp. Ice
surface elevation increases here were 5–10 m over an area where a
large supraglacial pond developed (also noted by Bolch et al., 2011),
which has since drained and its basin closed.

The lake-terminating Lhotse Shar - Imja Glacier complex shows a re-
versed surface lowering gradient when compared with land-
terminating glaciers (Fig. 5). The surface of this glacier lowered most
(~85 m) over the area through which Imja Tsho expanded over the
study period. The surface loweringmeasured here comprises the eleva-
tion change between the glacier surface and the new lake level, with
considerably more ice being lost below the waterline than is captured
here. Surface lowering rates on the Lhotse Shar - Imja Glacier complex
decreased slightly in an up-glacier direction, but overall were the most
substantial out of all the glaciers in our sample (Table 2). Surface lower-
ing over debris-covered ice exceeded that over clean-ice areas for all of
the glaciers in our sample (Table 2).

4.2. Topographic classification & decadal evolution of glacier surfaces

The contribution of each topographic class to the total glacier surface
area varied substantially with distance up-glacier on each of the glaciers
we assessed. In general, the surfaces of Khumbu, LhotseNup, Lhotse and
Ama Dablam glaciers showed lowest relief close to glacier termini, but

Image of Fig. 2


Fig. 3. Hillshade of the AP-DEM (A, E), SMR metric datasets for 1984 (B, F) and 2016 (C, G) and RapidEye imagery (D, H) over the termini of Lhotse and Khumbu glaciers.
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Table 2
Changes in the debris-covered area of the ablation zone of each glacier, alongwith estimates of total surface lowering (dh), and surface lowering rates (dh/dt), for clean and debris-covered
ice over the study period.

Glacier 1984
debris-covered
area
(km 2)

2016
debris-covered
area
(km 2)

Δ debris cover
area
(km2)

Mean
debris-covered
area
dh (m)

Mean
debris-covered
area dh/dt (m a−1)

Mean clean
ice dh (m)

Mean clean ice area
dh/dt (m a−1)

Δ pond
area (m2)

Khumbu 8.20 ± 0.06 8.52 ± 0.20 0.32 ± 0.13 −29.86 ± 2.84 −0.93 ± 0.09 −28.80 ±
2.91

−0.90 ± 0.09 98,469 ± 13,785

Lhotse Nup 1.66 ± 0.02 1.72 ± 0.05 0.06 ± 0.03 −12.87 ± 1.96 −0.40 ± 0.06 −10.50 ±
3.14

−0.33 ± 0.10 18,651 ± 4289

Lhotse 6.02 ± 0.03 6.30 ± 0.09 0.28 ± 0.06 −17.88 ± 2.22 −0.56 ± 0.06 −6.24 ± 3.14 −0.20 ± 0.10 35,368 ± 5328
Lhotse Shar 6.73 ± 0.03 6.04 ± 0.08 0.69 ± 0.06 −31.30 ± 2.65 −0.97 ± 0.06 −5.68 ± 4.77 −0.17 ± 0.14 10,943 ± 2298
Imja 1.23 ± 0.02 1.47 ± 0.05 0.24 ± 0.04 −32.26 ± 1.24 −1.00 ± 0.06 −16.22 ±

2.37
−0.51 ± 0.07 −2655 ± 345

Ama
Dablam

2.51 ± 0.02 2.69 ± 0.06 0.18 ± 0.04 −21.70 ± 1.36 −0.68 ± 0.04 −12.07 ±
5.81

−0.38 ± 0.18 −15,233 ±
2132
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much greater relief further up-glacier. Within ~1 km of their termini,
>50% of these glacier surfaces comprised SMR75 in both time periods
(Figs. 6 and 7). The area covered by SMR75 decreased to as little as
35%, 3–5 km from the terminus of each of these glaciers. In both time
Fig. 4. Difference in surface elevation between the AP-DEM (1984) andWV-DEMs (2015/16). I
based on the RGI 6.0 which have been modified to reflect the 1984 glacier extent in aerial orth
periods, the proportion of glacier surfaces covered by SMR75–125 to
SMR175 peaked in the middle reaches of Khumbu, Lhotse Nup, Lhotse
and Ama Dablam Glaciers (Figs. 6 and 7), but were generally limited
to less than 40% of the total glacier surface area. SMR175, the metric
nset shows the subset area covered by SfM-MVS DEMs in Figs. 9 & 10. Glacier outlines are
ophotos.

Image of Fig. 4


Fig. 5.Glacier surface elevation profiles taken from AP- andWV-DEMs. Semi-transparent lines are flow-parallel surface elevation profiles spaced 100m apart across each glaciers surface,
and the opaque elevation profiles represent amean of flowline-parallel profiles. Locations of debris-covered- clean ice transition are also shown. Lhotse, Lhotse Nup and Imja glaciers have
fully debris-covered ablation zones.
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class associated with ice cliffs, generally accounted for <10% of glacier
area on all four of these glaciers but did cover the greatest area in the
middle reaches of each glacier.

In contrast to the other four glaciers, the proportion of the surface of
Lhotse Shar and Imja Glaciers covered by SMR75 increased up-glacier,
thus surface relief decreased up-glacier (Fig. 8). The percentage of gla-
cier area covered by SMR75–125 to SMR175 generally decreased with dis-
tance from the termini of Lhotse Shar and Imja Glaciers (Fig. 8).

Substantial changes occurred in the surface topography of all the gla-
ciers we assessed between 1984 and 2015/16. At a broad scale, there is
clear evolution of the glacier surfaces towards much greater vertical re-
lief. The patterns andmagnitude of changes in surface topographywere
similar for the four land-terminating, debris-covered glaciers we exam-
ined. Khumbu Glacier showed a substantial reduction in the area cov-
ered by SMR75 over the study period (Fig. 6). Over the debris-covered
glacier surface, the area of this class reduced by 22%. The greatest reduc-
tions in SMR75 occurred between 4 and 7 km up-glacier on Khumbu
Glacier. Concomitant increases in SMR75–125 to SMR175 occurred in the
lower reaches of Khumbu Glacier (Fig. 6), with the most substantial
increases occurring >4.5 km up-glacier. The surfaces of Ama Dablam,
Lhotse Nup and Lhotse glaciers evolved in similar ways to that of
Khumbu Glacier (Fig. 6). The proportion of these glacier surfaces made
up of SMR75 reduced by 20, 23, and 24%, respectively over the study pe-
riod, with the largest reductions occurring substantially up-glacier from
their termini. Again, increases in SMR75–125 to SMR175 occurred where
the greatest reductions in the total area of low-relief topography oc-
curred on these glaciers. We note that large reductions (20–30%) in
SMR75 also occurred over the lowermost 2 km of Lhotse glacier, which
does not have a pronounced terminal moraine, with substantial in-
creases in the area of SMR75–125 occurring over this area. The area cov-
ered by SMR175 barely changed over the lower reaches of Lhotse
glacier between 1984 and 2016 (Fig. 6).

The lake-terminating Lhotse Shar and Imja glaciers also developed
predominantly rougher surfaces over the study period (Fig. 7), but
changes in surface topography seem more evenly distributed along
each of these glaciers ablation zones. The area covered by SMR75 re-
duced by 26% on Lhotse Shar glacier and by 27% on Imja glacier over
the full study period (1984–2016).

Image of Fig. 5


Fig. 6. Percentage of glacier surface area made up of different classes of topography distinguished by the sum of negative elevation differences in a local (8 pixel) area for Ama Dablam,
Khumbu and Lhotse and Lhotse Nup glaciers over the period 1984–2015/16. SMR75 represents gently undulating, debris-covered glacier surfaces, SMR75–125 represents debris-covered
areas of sufficient slope to allow debris slumping, SMR125–175 represents ice cliff flanks & SMR175 represents ice cliff faces.
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4.3. Supraglacial pond evolution

Total supraglacial pond area increased on four of the six glaciers
we assessed over the study period (Table 2). The greatest increases
in supraglacial pond area occurred over the lowermost 3–4 km of
Khumbu and Lhotse Nup Glaciers, and in the middle reaches of Lho-
tse Glacier (Fig. 7). Total ponded area decreased on Ama Dablam and
Imja Glaciers, but pond area also decreased within the lowermost 2.5
km of Lhotse and Lhotse Shar Glaciers termini (Fig. 7). The increases
in ponded area on Khumbu and Lhotse Nup Glaciers primarily oc-
curred where glacier surface velocity was low (< ~10 m a−1).
There were also increases in the ponded area on parts of these gla-
ciers where surface velocities were > 10 m a−1, and the increases
in pond area on Lhotse Glacier also occurred where glacier surface
velocity was elevated. Similarly, pond area decreased occurred over
areas of Lhotse and Ama Dablam Glaciers that were flowing very
slowly (< 10 m a−1), and over parts of Lhotse Shar Glacier that
were flowing more actively (~15 m a−1).
4.4. Contemporary ice loss

Differencing of the SfM-DEMs against theWV-DEM (Fig. 9) revealed
the contemporary pattern of ice loss from the surface of the Khumbu
Glacier from the end of January 2015 to May 2017, the pattern of
which contrasts with that derived over the decadal timescale (Fig. 5).
We focus our analyses of the SfM-DEM difference data on a subset
shown in Fig. 4, because this area is constrained with the best ground
control data, and benefits from the best photographic coverage. The
SfM-DEMs primarily cover the stagnant portion of the glacier. Surface
lowering, and therefore ice loss, was concentrated where supraglacial
ponds and ice cliffs expanded over the study period. Using supraglacial
pond and ice cliff extents fromWatson et al. (2016, 2017a), we calculate
that pond expansion and cliff retreat accounted for 35% of ice loss over
the period between January and October 2015 despite occupying just
13.2% of the subset area of the glacier. The mean backwasting rate (cal-
culated by dividing the total area of surface lowering associated with
each cliff by cliff length) of the ice cliffs present in the subset area

Image of Fig. 6


Fig. 7. The percentage of glacier surface area made up of different classes of topography distinguished by the sum of negative elevation differences in a local (8 pixel) area for the lake-
terminating Lhotse Shar and Imja glaciers. SMR75 represents gently undulating, debris-covered glacier surfaces, SMR75–125 represents debris-covered areas of sufficient slope to allow
debris slumping, SMR125–175 represents ice cliff flanks & SMR175 represents ice cliff faces.
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shown in Fig. 4was 13.51m a−1, ranging from 6.43–18.55m a1. Cliff ex-
pansion affected 8.7% of the glacier surface in the subset area (118,495
m2 of 1,351,849 m2 subset) over our 28 month study period. Assuming
a temporally consistent rate of cliff expansion in the future would result
in a complete turnover of the glacier surface in just under 26 years
within this subset region.
Fig. 8. Supraglacial pond area mapped using the AP-DEM and data fromWatso
The predominance of ice cliff expansion and retreat as the primary
source of ice melt in the lower region of Khumbu Glacier (Fig. 9) is
also evident in the topographic metric data generated from the WV-
DEM (Jan 2015) and 2017 SfM-DEM (Fig. 10). Heavily negative values
in the difference between the two SMR metric datasets represent
areas where local relief diminished between Jan 2015 and May 2017
n et al. (2016), and glacier surface velocity data from Dehecq et al. (2015).

Image of &INS id=
Image of Fig. 8


11O. King et al. / Geomorphology 371 (2020) 107422
over the lower part of Khumbu Glacier. These large negative differences
are restricted to the former locations of ice cliffs that backwasted over
the study period, and to parts of the unstable lateral moraines that
slumped or collapsed over the study period. Large positive differences be-
tween the two SMR metric datasets indicate areas that developed much
more vertical relief over the study period. Such positive differences are
again focused where cliff backwasting occurred, or where substantial
slumping occurred on lateralmoraines, to increase local topographic relief.
Isolated, positive differences between the two SMRmetric sets are also ev-
ident in many areas of the lower Khumbu Glacier (Fig. 10), which repre-
sent newly developed areas of localised relief (primarily new ice cliffs).
The area of positive differences (values >100 in SMR) was greater
(58,810 m2 Vs 56,434 m2) than the area of negative differences (values
<100) by 4% in this subset of the Khumbu Glacier between Jan 2015 and
May 2017, indicating the development of a slightly rougher glacier surface
in this subset area overall, even over this relatively short time period.

5. Discussion

Our assessment of fine resolution DEMs of the surface of several
debris-covered glaciers has revealed the spatially variable evolution of
glacier surface topography over the last three decades in the Everest re-
gion of the Central Himalaya. The most spatially extensive changes that
are evident in our data are, the 1) glacier-wide increase of high relief
zones in associationwith ice cliff and supraglacial pond network expan-
sion, 2) up-glacier expansion of glacier surface topography of high local
relief that may be associated with differential melt beneath expanding
but thin surface debris, and 3) increase in glacier surface relief proximal
to the glacier terminus, possibly due to supraglacial meltwater channel
incision where a linked proglacial-supraglacial hydrological network
exists.
Fig. 9. Difference in surface elevation between the WV-DEM (Jan 2015)
5.1. Processes driving topographic evolution

Substantial increases in relief are clearly evident over the lower ab-
lation zones of the land-terminating Khumbu, Lhotse, Lhotse Nup and
Ama Dablam glaciers (Figs. 6 and 7). More modest increases in surface
relief were also focussed around the clean-ice/debris-covered transition
zones of land-terminating glaciers, and around the lowermargins of the
lake-terminating glaciers.

SfM-MVSDEMdifferencing (Fig. 9) andmulti-temporal surfacemet-
ric comparisons (Fig. 10) over the lower reaches of KhumbuGlacier pin-
point ice cliff and pond network expansion as being the main
contemporary drivers of topographic change here, and it is likely that
thesemechanisms are also responsible for a large part of the change ob-
served over the last three decades too, given our observations of
supraglacial pond expansion since the 1980s (Fig. 8). The SMR class
changes between the AP- and WV-DEMs (Figs. 5 & 6) were similar for
Khumbu, Lhotse Nup, Lhotse and Ama Dablam glaciers, so it is reason-
able to suggest that supraglacial pond and ice cliff expansion has driven
topographic change in these glacier ablation zones too.

Supraglacial ponds and associated ice cliffs are prevalent over the
lower reaches of debris-covered glaciers in the Everest region because
these glaciers typically flow very slowly or are completely stagnant
(Bolch et al., 2008; Quincey et al., 2009; Fig. 8) thus little crevassing oc-
curs to aid rerouting or drainage of ponded supraglacial meltwater
(Quincey et al., 2009). The multi-decadal surface lowering and ice loss
that these glaciers have experienced (Figs. 4 & 5; Bolch et al., 2011)
has also reduced their longitudinal surface gradient (King et al., 2018)
to a point where supraglacial meltwater drainage is inhibited, thus
meltwater ponds readily form. King et al. (2018) measured further
slowdown of a number of additional land-terminating glaciers in the
Everest region in recent years (2000–2015), as did Dehecq et al.
and SfM-DEMs acquired in October2015, May 2016 and May 2017.

Image of Fig. 9


Fig. 10. SMRmetric scores generated using theWV-DEM over the lower reaches of Khumbu Glacier in January 2015 (A) and one of the SfM DEMs fromMay 2017 (B). Panel C shows the
difference in metric scores between these two time periods.

12 O. King et al. / Geomorphology 371 (2020) 107422
(2019) acrossmuch of the Himalaya. Similarly, the backwasting rates of
ice cliffs (Fig. 9) measured across the ablation zone of Khumbu glacier
(mean of 13.51m a−1, ranging from 6.43–18.55m a1) and the contribu-
tion of ice cliffs and ponds to the overall mass loss budget across this
same area (13.2% area covered, 35% ice loss) are comparable to those
measured on other Himalayan glaciers (see Thompson et al., 2016 and
references within). We would therefore expect that the topographic
characteristics of debris-covered glaciers elsewhere in the Everest re-
gion and those in a state of negativemass balance outside of the Everest
region to have evolved in a similar way to those we have assessed.

A different processmay be responsible for the topographic change in
areas close to the debris-covered to clean-ice transition zone. Our anal-
yses of AP andWV DEMmetrics suggests a glacier surface of greater re-
lief has also developed here on each of the glaciers we studied (Figs. 6
and 7). Glacier flow is typically too high to allow the development of
supraglacial pond networks in these areas (Fig. 8) as crevassing pro-
motes the rerouting and drainage of supraglacial meltwater and pond
frequency is generally lowhere (Watson et al., 2016). In this transitional
zone debris thicknesses are typically low (Rowan et al., 2015; Rounce
et al., 2018), pointing towards spatially variable melt (and associated
hummocky surface development) being the dominant driver of the sur-
face changes we observe here.

On Ama Dablam and Lhotse Glaciers, a slightly more pitted surface
(Figs. 6 and 7) developed close to each glacier terminus, despite de-
creases in supraglacial pond extent occurring over the same parts of
these glaciers (Fig. 8). This pitted area, reminiscent of thermokarst fea-
tures described elsewhere within the region (e.g. Haritashya et al.,
2018), coincides with slight surface lowering (−11.03 and − 10.62 m
means within 1 km of glacier termini), as well as the development of
linked supraglacial-proglacial hydrological networks at both sites
(Rounce et al., 2017). It is likely, therefore, that the development and
subsequent evolution of these supraglacial meltwater channels (e.g.
Mölg et al., 2020) is the primary driver of surface roughening in these
parts.

5.2. Implications of topographic evolution on glacier melt

The degree of spatial variability in the local relief of a glacier surface
can impact heavily on both the energy balance at the surface, and there-
fore the energy budget available for ice melt, and also on the
supraglacial hydrology. A more pitted glacier surface has, by definition,
a greater surface area over which radiation and turbulent heat can be
absorbed, as well as emitted (Hock, 2005; Quincey et al., 2017;
Chambers et al., 2019). In addition, the turbulent fluxes of sensible
and latent heat, which are driven by vertical air exchange close to the
glacier surface (Hock, 2005), may be substantially different over com-
plex topography (King and Anderson, 1994; Martin and Lejeune,
1998) when compared to smoother, clean ice, particularly where local
maxima in air flow exist (Denby and Greuell, 2000). Sakai et al.
(2009) showed how wind speeds, and therefore near surface turbu-
lence, peak at ice cliff crests, thus the expanding network of ice cliffs
documented byWatson et al. (2017a), and generallymore pitted topog-
raphy we have documented may have driven a greater contribution of
the turbulent heat fluxes to the energy balance at the glacier surface,
and therefore greater ice melt.

The pitted glacier surface also provides accommodation space in
which surface water can pond (Benn et al., 2017; Miles et al., 2016).
Watson et al. (2016) showed how supraglacial pond extent increased
over the same glaciers in our sample over the period 2000–2015, and
Fig. 8 extends this analysis with similar findings for the past three de-
cades.Watson et al. (2016) suggested that the trajectory of pond devel-
opment on Khumbu glacier may ultimately result in the formation of a
large proglacial lake and the surface conditions of other large glaciers
in the Everest region may be suitable for comparably widespread

Image of Fig. 10
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meltwater ponding (Quincey et al., 2007; Benn et al., 2012; King et al.,
2018). Irvine-Fynn et al. (2017) showed the buffering effect of the
now extensive pond and cliff network on Khumbu Glacier, with >23%
of the daily discharge being stored en-route to the terminus. Substantial
increases in supraglacial pond area and debris cover have been docu-
mented elsewhere in the Everest region, as well as in other regions of
the Himalaya (Thakuri et al., 2016; Watson et al., 2016; Miles et al.,
2016), playing a potentially pivotal role in capturing and transmitting
incident solar radiation to the ice interior. The energy absorbed by
supraglacial ponds may enhance ablation either in-situ, further down
the linked supraglacial-englacial network, or englacially, where ponds
intercept conduits and drain (Miles et al., 2016; Benn et al., 2017).
Benn et al. (2017) describe how such subsurface processes can also
exert a strong control on the spatial patterns and rates of surface mass
loss and therefore glacier surface topography as a whole. As glacier sur-
faces continue to storewater in comingdecades, especially as the ice de-
celerates and surface slopes approach horizontal (King et al., 2018), we
would expect further enhancement of the positive feedback between
meltwater production, storage, heat absorption and conveyance to the
glacier interior.

5.3. Comparison with other studies

Relatively few studies have examined the decadal-scale evolution of
the surface characteristics of debris-covered glaciers, mainly due to the
paucity of ground observations or high-resolution imagery available to
document the prevalence of surface features in times before the
modem satellite era. Only two recent studies have examined the evolu-
tion of debris-covered glacier surface at temporal and spatial resolutions
comparable to ours. First, Mölg et al. (2020) compiled a 140-year long
time series of high-resolution DEMs and accompanying orthoimages
of Zmuttgletscher, a debris-covered glacier in the Swiss Alps. Secondly,
Benn et al. (2017) combined speleological exploration and a time series
of satellite images to summarise the supraglacial and englacial drainage
system of Ngozumpa Glacier and proposed a conceptual model of its
evolution since the Little Ice Age.

Mölg et al. (2020) identified zones of the debris-covered tongue of
Zmuttgletscher which could be divided based on their distinctly differ-
ent topographic characteristics and documented their extent through
time in response to changes in the mass balance of the glacier. The
high-relief zone on Zmuttgletscher was observed to expand rapidly
over the course of a few decades of negative glacier mass balance,
which is comparable with our observations of ice cliff and supraglacial
pond expansion rates on the glaciers in this study, and also our estimate
of the complete turnover of the ablation zone of Khumbu glacier by cliff
and pond expansion over two to three decades.

A clear difference between the spatial distribution of topographic
features across Zmuttgletscher and the glaciers we have studied is the
location of the high-relief zone proximal to the glacier terminus on
Zmuttgletscher, whereas the land-terminating glaciers in the Everest
region show the greatest concentration of cliffs (Figs. 6 and 7) and
ponds (Fig. 8) several km from their termini. The contrasting debris
thickness at the termini of Zmuttgletscher and the Himalayan glaciers
we studied may explain the location of such high-relief features. Mölg
et al. (2019) measured a mean debris thickness of 16.3 cm along tran-
sects across the low relief zoneof Zmuttgletscher and found amaximum
debris thickness of 70 cm here. In contrast, measurements of the debris
thickness over the lower reaches of Khumbu Glacier suggest a maxi-
mum thickness of ~2 m at its terminus (Nakawo et al., 1986) and the
thickness of the debris mantle likely exceeds 20 cm as far as 3.4 km
from the terminus (Rounce et al., 2018). Whilst a debris layer of several
decimetres may reduce melt by 70–80% when compared to clean ice
(Mölg et al., 2019 and references within), only a debris mantle >40
cm would be capable of protecting the ice beneath from ablation en-
tirely (Mattson et al., 1993; Nicholson and Benn, 2006). In the terminal
areas of debris-covered glaciers, with a debris mantle several metres in
thickness as at Khumbu, spatially variable surface ablation is unlikely to
aid the incision of supraglacial meltwater streams to modify the glacier
surface topography and topographic change would therefore be more
limited.

Benn et al. (2017) examined the evolution of the supraglacial hydro-
logical network onNgozumpaGlacier, located directly to thewest of our
study area, and its link to the englacial and subglacial environment. Akin
to our observations, Benn et al. (2017) observed the up-glacier expan-
sion of closed topographic depressions and perched ponds between
1964 (observed in Corona imagery) and 2010 and the formation of a
large lake at the hydrological base level of the glacier, similar to that cur-
rently forming on Khumbu Glacier (Watson et al., 2016). Benn et al.
(2017) describe the glacier surface of the upper ablation zone on
Ngozumpa Glacier in a similar way to the low relief zone on
Zmuttgletscher (Mölg et al., 2020); one that is uninterrupted by cre-
vasses or closed depressions with a system of supraglacial channels.
Benn et al. (2017) show how this zone has retreated up-glacier since
the 1960s on Ngozumpa glacier. Our surface metric data suggest that
similar low relief zones exist close to the debris-covered clean-ice tran-
sition zone on Khumbu, Lhotse and Ama Dablam glaciers. On these
three glaciers, the coverage of the SMR75 metric class is similar high in
the ablation zone to the area around glacier termini and the extent of
SMR75–125, SMR125–175 and SMR175 classes is low compared to further
down glacier (Figs. 6 and 7). Of the glaciers we studied, an extensive
supraglacial stream network can only be traced down-glacier on
Khumbu Glacier and this stream extends to the former confluence
with Changri Nup (Fig. 1) in both 1984 and 2016 (Miles et al., 2019),
contrasting with the evolution of the supraglacial hydrological network
on Ngozumpa Glacier.

The expansion of high relief zones in response to more negative
mass balance, lower glacier flow and high glacier meltwater storage
seems ubiquitous on debris-covered glaciers that have been studied in
detail and should be expected in regions where similar levels of glacier
mass loss have occurred over long time periods. The location of high-
relief zones and their associated ablative processes may ultimately be
controlled by the thickness of a glacier's debris mantle, which can vary
on an individual glacier basis (Rounce et al., 2018).

6. Conclusions

In this study we have used high resolution DEMs to examine the
decadal-scale and contemporary evolution of the debris-covered sur-
faces of six glaciers in the Everest region of the central Himalaya.We de-
rived ametric of glacier surface relief to examine how sustained ice loss
has impacted on the characteristics of glacier ablation zones and used a
time series of contemporary SfM-MVS derived DEMs to identify the
melt processes responsible for driving topographic change. The pre-
dominant change in glacier surface topography has been the develop-
ment of a more pitted surface of greater, local relief, which expanded
by ~20%, in response to an increase in the extent (10,943–98,469m2 in-
crease between 1984 and 2015 for different glaciers) and density of
supraglacial pond and ice cliff networks. Pond and ice cliff networks ex-
panded in both up- and down-glacier directions on different glaciers.
We also documented the development of a slightly more pitted, termi-
nus proximal, glacier surface where debris-covered glaciers have a
linked supraglacial-proglacial hydrological network. The migration of
supraglacial channels and associated incision (~10 m from 1984 to
2015) into the ice belowmay be the driver of topographic change here.

Overall, the changes in surface topography quantified in this
study have important implications for both the hydrology and sur-
face energy balance of those glaciers. The development of a glacier
surface that is of greater relief is likely to lead to an increased contri-
bution of the net radiative and turbulent heat fluxes to the overall
energy balance at that glaciers surface. The development of a more
pitted glacier surface will also increase accommodation space avail-
able for meltwater ponding, likely creating a positive feedback
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between ponding, ice cliff backwasting, and topographic change. It is
unlikely that this trajectory of topographic evolution will change
given the sustained reduction of glacier surface gradients in response
to glacier surface lowering and surface velocity reductions, which
will all serve to precondition glacier surfaces for more ice cliff and
supraglacial pond development. The areal coverage of pitted topog-
raphy associated with pond expansion can reasonably be expected
to expand on debris-covered glaciers not just in our study area but
across the Himalaya, and should be accounted for in models of future
glacier evolution that rely on parameterisations of surface energy
balance to drive melt.
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