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Himalayan glacier tongues are commonly debris covered and they are an important source of melt water. How-
ever, they remain relatively unstudied because of the inaccessibility of the terrain and the difficulties infieldwork
caused by the thick debris mantles. Observations of debris-covered glaciers are therefore scarce and airborne
remote sensing may bridge the gap between scarce field observations and coarse resolution space-borne remote
sensing. In this study we deploy an Unmanned Aerial Vehicle (UAV) before and after themelt andmonsoon sea-
son (May and October 2013) over the debris-covered tongue of the Lirung Glacier in Nepal. Based on stereo-
imaging and the structure for motion algorithm we derive highly detailed ortho-mosaics and digital elevation
models (DEMs), which we geometrically correct using differential GPS observations collected in the field.
Based on DEM differencing and manual feature tracking we derive the mass loss and the surface velocity of the
glacier at a high spatial accuracy. On average, mass loss is limited and the surface velocity is very small. However,
the spatial variability ofmelt rates is very high, and ice cliffs and supra-glacial ponds showmass losses that can be
an order of magnitude higher than the average. We suggest that future research should focus on the interaction
between supra-glacial ponds, ice cliffs and englacial hydrology to further understand the dynamics of debris-
covered glaciers. Finally, we conclude that UAV deployment has large potential in glaciology and it may revolu-
tionize methods currently applied in studying glacier surface features.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Glaciers are strong indicators of the prevailing and past climate as
their dynamics are sensitive to small changes in precipitation and
temperature. Glaciers can be valuable sources of water, and changes in
glaciers may directly impact human livelihoods, food security and hy-
dropower potential, particularly in the greater Himalaya (Immerzeel,
Pellicciotti, & Bierkens, 2013; Immerzeel, Van Beek, & Bierkens, 2010;
Schaner, Voisin, Nijssen, & Lettenmaier, 2012). Monitoring of glacier
extents, mass balances and surface velocity is therefore of key impor-
tance to understand how climate perturbations impact the status of gla-
ciers (Paul et al., in press). For both mass balance and surface velocity
measurements, field and geodetic methods can be distinguished, each
with its own advantages and shortcomings.

In field methods of mass balance estimation a distinction is made
between the glaciological and the hydrological method (Hagg, Braun,
Uvarov, & Makarevich, 2004). The glaciological method uses ablation

stake readings, accumulation pits and snowpillows in order to determine
mass gain or loss from the glacier surface. Using measured or estimated
snow and ice densities the local mass balance can then be calculated
and interpolated over the glacier surface (Fischer, 2011). The hydrological
method uses precipitation and outlet discharge measurements that are
corrected for runoff and evaporation to estimate the mass balance
(Hagg et al., 2004).

Field surface velocity measurements are performed by quantifying
stake displacement using differential GPS (dGPS). Measurements
using the field method generally yield high-resolution data on a small
spatial extent and are therefore best used to examine local effects. A
difficulty with field surface velocity measurements is that Himalayan
glaciers are often located in inaccessible areas, which can render expe-
ditions cumbersome, time consuming and expensive. In addition
many Himalayan glacier tongues are characterized by a thick debris
cover (Scherler, Bookhagen, & Strecker, 2011) and the presence of the
debris layer greatly complicates field measurement techniques.

The geodetic methods of glacier mass balance and surface velocity
estimation use remotely sensed datasets, either space-borne or air-
borne, obtained for at least two different points in time to determine
velocities or surface elevation changes between acquisition dates. In
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recent years many studies have applied geodetic techniques as they
provide a relatively easy and inexpensive method to obtain frequent
data for large, possibly inaccessible areas (Paul et al., in press). The sen-
sors used for estimates of elevation changes can be divided into two
main categories, active and passive. The active elevation measurements
comprise altimetry techniques that use for example high-resolution air-
borne LiDAR techniques (Arnold & Rees, 2006), low resolution space-
borne laser altimeters such as ICESat's GLAS sensor (Bamber & Rivera,
2007; Kääb, Berthier, Nuth, Gardelle, & Arnaud, 2012) or microwave
ground-based and space-borne techniques including InSAR (Strozzi
et al., 2008; Sund, Lauknes, & Eiken, 2013). Passive elevation measure-
ments use photogrammetry on space-borne or airborne stereo imagery,
e.g. Corona, ASTER or SPOT5, to generate elevationmodels (Berthier et al.,
2007; Bolch, 2007; Bolch, Pieczonka, & Benn, 2011; Gardelle, Berthier,
Arnaud, & Kääb, 2013; Hubbard, Willis, & Sharp, 2000; Paul et al., in
press). The generated elevation data encompasses large areas, but at rel-
atively coarse resolutions (~30 to 90m). The vertical error range of those
products is generally in the order of 10–20 m (Fujita, Suzuki, Nuimura, &
Sakai, 2008; Nuimura, Fujita, Yamaguchi, & Sharma, 2012).

For geodetic measurements of glacier surface velocity, manual fea-
ture tracking or automated cross-correlation feature tracking is applied
to satellite imagery. The imagery comprises optically sensed data such
as ASTER, SPOT5 or Landsat Thematic Mapper (Copland, Pope, &
Bishop, 2009; Kääb, 2005; Paul et al., in press) or data sensed by syn-
thetic aperture radar sensors such as ERS-2 or Envisat ASAR (Paul
et al., in press; Quincey, Copland, & Mayer, 2009; Quincey, Luckman, &
Benn, 2009). The synthetic aperture radar data can also be used to
determine the surface velocity by interferometry (Luckman, Quincey,
& Bevan, 2007; Quincey, Luckman, & Benn, 2009). As with the geodetic
measurements of glacier mass change, the spatial extent of the surface
velocity products is large and the resolution is coarse. A difficulty with
the geodetic approach is that artifacts such as shadows can considerably
reduce the accuracy of the surface velocity or elevation change at
specific locations.

Mass loss of Himalayan glaciers may for a large part be determined
by surface features such as debris (Reid & Brock, 2010; Reid, Carenzo,
Pellicciotti, & Brock, 2012; Scherler et al., 2011), supra-glacial lakes
(Sakai & Fujita, 2010; Sakai, Fujita, & Kubota, 2004; Sakai, Nishimura,
Kadota, & Takeuchi, 2009) and ice cliffs (Haidong, Jian, Junfeng, &
Shiyin, 2010; Reid & Brock, 2013; Sakai, Nakawo, & Fujita, 1998,
2002). However, there is presently no geodetic method available that
allows for the systematic assessment of glacier surface features, their
interrelationships and their changes over time at sufficiently high
resolution.

The use of Unmanned Aerial Vehicles (UAVs) in glaciology is
currently limited (Whitehead, Moorman, & Hugenholtz, 2013) and in
the greater Himalayas non-existent. However, the application of UAVs
to glaciological monitoring has the potential to overcome many of the
difficulties related to present day field and geodetic methods. Highly
detailed ortho-mosaics and DEMs obtained from overlapping multi-
view photography allow for accurate assessments of glacier surface
dynamics and surface height changes. UAV-acquired imagery may
represent the missing link between the point observations of field
methods and the relatively coarse resolution of geodetic approached
and as such it may improve our understanding of the spatio-temporal
dynamics of Himalayan glaciers.

The objectives of this study are twofold:

• To apply, for the first time, a professional low-cost UAV on a debris-
covered Himalayan glacier. We combine two field campaigns (May
and October 2013) with highly accurate dGPS measurements at
Lirung Glacier in Langtang Valley, Nepal, to assess the magnitude of
the down-wasting of the glacier tongue and the average glaciermove-
ment over the monsoon season.

• To investigate the role and dynamics of ice cliffs and supra-glacial
lakes by further detailed study of selected regions of the LirungGlacier

and discuss several controlling mechanisms for the strong surface
change observed over one monsoon season.

2. Study area

The Lirung Glacier (Fig. 1) is located in the Langtang catchment,
approximately 100 km north of Kathmandu, Nepal. The climate in the
Langtang catchment is monsoon dominated and around 70% of the an-
nual precipitation (~800 mm y−1) falls during the monsoon from June
to September. During the dry season (November to May), precipitation
(mainly snow) is limited, as it is produced by the occasional passage of
westerly troughs (Immerzeel, Petersen, Ragettli, & Pellicciotti, 2014). In
general, the precipitation amounts increase with altitude during both
the monsoon and the dry season (Seko, 1987).

As a result, Lirung Glacier is characterized by synchronous accumu-
lation and ablation during the monsoon season. The Lirung Glacier has
a debris-covered tongue, typical formanyHimalayan glaciers, and a ter-
minus elevation of approximately 4000 m abovemean sea level (amsl).
The debris is often thicker than 50 cm,which has a strong insulating and
shading effect (Östrem, 1959; Scherler et al., 2011). The debris-covered
tongue has a length of 3.5 km and average width of 500 m. The Lirung
Glacier has a steep accumulation zone reaching a maximum elevation
of 7234 m amsl at the summit of Langtang Lirung. The accumulation
zone is separated from the glacier tongue (Fig. 1) and the tongue is
fed only by avalanches from the steep slopes and occasional snow fall
on the tongue itself.

3. Data and methods

3.1. Unmanned aerial vehicle

In this study the Swinglet CAM from SenseFly (Fig. 2) is used as an
unmanned aerial vehicle (UAV). The Swinglet is a fixed-wing UAV
that has a wingspan of 80 cm and a take-off capacity of 0.5 kg. It is capa-
ble of approximately 30 minute flights at cruise speeds of 36 km/h and
can be flown either manually or using an autopilot. When using the
autopilot the Swinglet follows the waypoints of a flight plan created
using the included eMotion software. A constant radio link between
the computer software and the Swinglet allows for inflight monitoring
and control. The UAV is mounted with a GPS receiver, altimeter, wind
meter and a Canon IXUS 125HS digital compact camera that is electron-
ically triggered by the autopilot system to acquire images at the correct
positions.

The camera has a 16 megapixel sensor, i.e. 4608 by 3456 pixels, and
captures JPEG format images in the visible light range. Its lens is capable
of focal lengths between 4.3 and21.5mm. It isfixed at 4.3mm, however,
to minimize potential motion blur as well as to allow faster shutter
speeds by maximizing the amount of sensed light. During surveys the
camera is set to full-auto mode in which the device uses autofocus and
automatically chooses the appropriate combination of aperture, ISO
and shutter speed for the given light condition. In sufficiently light con-
ditions the full-auto setting generally results in images captured with
relatively large apertures, ISO values in the 125–250 range and shutter
speeds of 1/320–1/1200 s.

3.2. Flight description

The image acquisitionswere performed in ten flights (Fig. 3; Table 1)
during two separate expeditions to the site inMay and October 2013. At
the study site wind speeds generally increase over the course of the day
and therefore the UAV flights were all performed in the morning to
maximize flight stability and image quality. The launch location and
the landing site were the same for all flights. The UAV was launched
from a boulder on the ridge of the eastern moraine and was set to per-
form a circular auto-land on a nearby flat area. For all flights, the desired
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image overlapwas set to be 60% in lateral and 70% in longitudinal direc-
tions with respect to the UAV flight path.

On the 18th and 19th of May five of the total of seven performed
flights were successful and yielded imagery usable for DEM generation,
i.e. flights 2, 3, 4, 5 and 6. The desired ground resolution that was set in
the eMotion software, which is directly coupled to the flight altitude
above the launch location, was varied over the flights to account for
the glacier elevation gradient. The post-monsoon image acquisition of
the glacier was performed in three flights on the 22nd of October. A
lower ground resolution setting of 5 cm/pixel was used this time to in-
crease the area covered per flight.

3.3. Ground control points

In October 2013, 19 ground control points (GCPs) along the eastern
and western lateral moraines were collected using differential GPS

(Topcon GB1000 antenna with a PG-A1 receiver). Two identical GPS
devices were used simultaneously: a base station and a rover. A base
station was installed near the outlet of the Lirung Glacier (Fig. 3) and
was occupied for two consecutive days. The rover was used to measure
the 19 GCPs. To ensure visibility a bright red fabric of 1.0 m × 1.2 mwas
used for the GCPs, the center point of which was measured using the
dGPS rover (Fig. 2). To avoid error due to changes in the antenna rod in-
clination, every second a measurement was taken during a 30 second
interval. The base station and rover data were post-processed using
Topcon tools software (Topcon Positioning Systems, 2009).

In May 2013 a total of 18 GCPs were collected that were marked
using red spray paint. However, as this was the first experience of the
team with UAV surveys in challenging terrain, the GCPs were not as
evenly distributed over the lateralmoraines as in theOctober campaign.
The spray paint was difficult to find in the images as well, hence accu-
rate georeferencing of the imagery turned out to be impossible. The

Fig. 1. The transition fromaccumulation to ablation zone of the Lirung Glacier (top left), the glacier tongue and pro-glacial valley (bottom left) and the extent of themonitored area and the
off-glacier validation regions (bottom right).

Fig. 2. Differential GPS measurements along the lateral moraine (left) and the Swinglet UAV (right).
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May data were therefore georeferenced using 47 tie points (Fig. 3) of
which the x and y coordinates were sampled from the October ortho-
mosaic and the z values from the October DEM at locations without
changes in elevation or flow.

3.4. Digital elevation model and ortho-mosaic generation

The UAV-collected photos (Table 1) were processed into ortho-
photos and grid-based DEMs of the glacier, lateral moraines and direct
surroundings using a Structure from Motion (SfM) workflow (Lucieer,
De Jong, & Turner, 2014). The SfMprocess starts by selection of the pho-
tographs with sufficient overlap from multiple positions and/or angles
and quality. Blurred photos are removed where redundant. Next, an
image feature recognition algorithm is used to automatically detect
and match characteristic image objects between photographs, i.e. the
scale invariant feature transform (SIFT) described by Lowe (2004). A
bundle block adjustment is then performed on the matched features
to identify the 3D position and orientation of the cameras, and the xyz
location of each feature in the photographs resulting in a sparse 3D
point cloud (Fonstad, Dietrich, Courville, Jensen, & Carbonneau, 2013;
Plets, Gheyle, Verhoeven, & De Reu, 2012; Snavely, Seitz, & Szeliski,
2007; Triggs, Mclauchlan, Hartley, & Fitzgibbon, 2000). A densification
technique is applied to derive dense 3D models using multi-view

stereopsis (MVS) or depth mapping techniques (Furukawa & Ponce,
2009). The use of ground control points (GCPs) and/or incorporation
of camera GPS locations allows for the georeferencing of the 3D model
in a coordinate system. Finally, the model is exported to a high-
resolution grid-based DEM and ortho-photo mosaics (ortho-mosaics)
are derived based on the projected and blended photograph at a final
resolution of 0.2 m and 0.1 m, respectively. In this study, we adopted
the SfMworkflow as implemented in the commercial software package
Agisoft PhotoScan Professional version 0.9.1 (Agisoft, 2013). The specif-
ic algorithms implemented in PhotoScan are not detailed in the manual
but a description of the SfM procedure in PhotoScan and commonly
used parameters are described in Verhoeven (2011).

3.5. Surface velocity

A manual feature tracking method was used to estimate the surface
velocity of the glacier between May and October 2013. Approximately
evenly spaced transects of clearly distinguishable surface features
(n = 145), i.e. primarily large boulders, were visually selected on
the ortho-mosaics. The horizontal displacement between the two
periods is precisely measured in a geographical information system.
The resulting point data are interpolated into a continuous surface using
ordinary kriging (Davis, 2002). To be able to make accurate comparisons

Flight 6

Flight 5

Flight 2

Flight 3

Flight 4

Flight 10

Flight 9

Flight 8

OctoberMay

Selected photo

Ground control point

Moraine

Proglacial lake

Launch site

Tie point

Covered area

500 m

Base station

Landing site

Fig. 3. Overview of the study area, approximate coverages of the successful flights, positions of the selected images and locations of the ground control points (GCP) and tie points.

Table 1
Overview of all UAV flights performed in May and October 2013.

Flight Date Start time (hh:mm) Duration (min) Area covered (km2) Altitude (m amsl) Resolution (cm/pxl) Photos taken Photos used

1 18 May 2013 07:49 11 0.3 4304 3 72 0
2 18 May 2013 09:17 17 0.54 4308 3 139 96
3 18 May 2013 10:09 17 0.56 4312 3 132 14
4 19 May 2013 08:58 15 0.66 4353 4 117 63
5 19 May 2013 10:02 17 0.79 4360 4 132 0
6 19 May 2013 10:36 19 1.19 4410 5 132 111
7 19 May 2013 11:28 10 0.17 4258 2 52 0
8 22 Oct 2013 08:23 21 1.43 4396 5 166 89
9 22 Oct 2013 09:24 19 1.14 4392 5 130 88
10 22 Oct 2013 10:06 21 1.18 4393 5 160 130
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of the DEMs between May and October 2013, the October 2013 DEM is
geometrically transformed to exactly match the May 2013 DEM using
the direction and magnitude of the surface velocity.

3.6. Accuracy assessment

To assess the geodetic accuracy of the SfM products, i.e. ortho-
mosaic and DEM, two different types of errors are taken into account,
i.e. input and output. The input errors comprise the deviations of the
dGPS base station as well as the precision of each measurement per-
formed by the dGPS rover. The input errors are given by the post-
processing software of the dGPS system. The uncertainty introduced
by the SfM processing technique is referred to as the output error, and
is assessed using two methods. Firstly, the difference of the May and
October DEMs is compared to ablation stake data (unpublished data)
that were gathered during the same time period. The melt observed at
the stakes is compared with the DEM difference integrated over the
flow path between May and October 2013. To quantify the variability
in the direct vicinity of the stakes, the zonal mean and standard devia-
tion within a 5 meter buffer around the stakes are also computed.
Secondly, the vertical output uncertainty is assessed by calculating
the difference between the GCP elevation data and the generated
DEMs. The horizontal uncertainty is determined manually by measur-
ing the horizontal displacement between the original GCP (October)
and tie point (May) coordinates and the apparent GCP locations on
the ortho-mosaics.

4. Results and discussion

4.1. Accuracy and precision

The dGPS system that was used during the surveys is reported to
have an ~0.20 m geodetic accuracy in x, y and z for the base station
(Wagnon et al., 2013). The input precision reported by the dGPS device
of all the separatemeasurements for the October GCPs has amean of 6.6
mmand a standard deviation of 6.4mm in the horizontal and amean of
13.6mmand a standard deviation of 14.0mm in the vertical. These pre-
cision errors are very small compared to the geodetic accuracy of the
base station hence they are negligible.

The distribution of the measured output errors for October (left
panel Fig. 4) shows that at the GCP locations the resulting DEM has a
geodetic accuracy that is within 0.25 m for both the horizontal and
vertical. For the May DEM and ortho-mosaic the errors are within 0.70
m (left panel Fig. 4). However, the bulk of the measurements show
deviations that are less than about 0.20 m. As the May data was

georeferenced using the October data, only the deviations from the May
tie points with the May ortho-mosaic and DEM are related to the
uncertainty in the DEM difference. Because the locations of both
the October GCPs and the reference GCPs are well distributed over
the study area (Fig. 3), it is assumed that the errors at locations away
from the GCPs are not considerably higher than those at the GCPs.
This assumption might not be valid for areas near the very edges of
the ortho-mosaic and DEM due to edge effects that can be introduced
by the SfM processing procedure such as a bowl effect and edge curling
(Agisoft, 2013). However, these effects do not affect themonitored area
of the tongue.

The image processing, i.e. the stitching, ortho-rectification and DEM
generation, also introduces an additional error. To evaluate this error,
DEM differences between May and October area were computed for
off-glacier terrain. The right panel of Fig. 4 shows a histogram of eleva-
tion differences in the areas outlined in Fig. 1 and the average deviation
is 0.02 m± 0.33 m based on an area of 1.6 km2, which is an acceptable
error.

Comparison of stake ablation data with the DEM differencing results
(Table 2) shows that they are mostly in agreement considering the geo-
detic errors involved. Only the ablation at stake S3 is considerably differ-
ent from the DEM ablation at that location. The likely reason for this is
that stake S3 is located in an area where the ice is pushed upward by
a vertical emergence velocity. The emergence velocity refers to the
upward or downward flow of ice relative to the glacier surface (Cuffey
& Paterson, 2010). Fig. 5 shows that, just before the bend in the glacier,
there is a small region where this occurs. These observations are con-
firmed by the flow direction and velocity. In addition the high standard
deviation found within a 5 m radius shows that the area around this
stake is quite variable in ablation rates and that a horizontal measure-
ment error can result in considerable changes in ablation.

4.2. Down-wasting patterns and estimated melt

Our results show a strongly heterogeneous down-wasting pattern
on the tongue of the Lirung Glacier (middle panel Figs. 5, 6). Aggregated
over the entire monitored area, the surface elevation change between
May andOctober 2013 is−1.09mand the standard deviation computed
over all pixels equals 1.40m. The entire tongue shows a negative change
in surface elevation, except for a small region before the bend in the gla-
cier (middle panel Fig. 5). Here an uplift of around 0.5 m is observed as
the vertical emergence velocity pushes the ice upward. It is interesting
to note that the flow direction and velocity confirm this observation.
The flow changes direction and magnitude in the bend and the ice is
compressed and pushed upward as a result. As a result of emergence
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Fig. 4. The left panels showboxplots of the errors that weremeasured between the ground control data and the generatedDEM (vertical) and ortho-mosaics (horizontal) for both theMay
and October datasets. The boxes represent the interquartile ranges, the whiskers the quartile to extreme ranges and the thick lines the medians. The right panel shows a histogram of el-
evation differences between May and October 2013 in the off-glacier terrain outlined in Fig. 1 (right panel).
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and compressive flow an error is made in the quantification of ice loss
over the monitored area. Overall this error is likely to be limited as the
flow velocity of the Lirung Glacier is very small (right panel Fig. 5).
Based on 1994–1996 data, Naito et al. (1998) estimated that overall
emergence velocity on the Lirung Glacier is 0.18 m y−1. Presently the
tongue of the glacier is completely separated from its accumulation
zone and it is likely that the emergence velocity has further decreased
since 1996.

Assuming an average ice density of 900 kgm−3, the 1.09m of down-
wasting corresponds to 0.036 m3 s−1 (or 6.3 mm day−1w.e.) of excess
melt water over the total monitored area of 0.49 km2. This excess
water as a result of the loss in icemass is only a small fraction of the av-
erage runoff generated for the Lirung catchment over the same period
(2.09 m3 s−1, unpublished data) for several reasons: (i) the total
amount of melt water will be larger than this amount of excess water;
(ii) the period of observation covers the monsoon period when precip-
itation dominates the local hydrology; (iii) melt runoff occurs only dur-
ing a limited period during the day when solar radiation is high; (iv)
only 40% of the tongue is monitored, (v) we have not corrected for
emergence and (vi) the thick debris cover limits the melt per unit
area. To illustrate the latter we compute a degree day factor (DDF)
based on the observed down-wasting, air temperature data observed
on the glacier, the DEM and a lapse rate of −0.006 °C m−1 (Pellicciotti,
Petersen, Wicki, Carenzo, & Immerzeel, 2013). The average DDF for the
entire monitored area is only 0.74 mm °C−1 day−1 and this is in agree-
ment with several other studies that relate debris thickness to melt
rates (Hagg, Mayer, Lambrecht, & Helm, 2008; Mihalcea et al., 2006;
Nicholson & Benn, 2006). These studies confirmed also for the Himalaya
that when the debris thickness is larger than 40 cm the melt rates are

reduced dramatically (Östrem, 1959) to values that are in line with
our findings on the Lirung Glacier, where the debris thickness is gener-
ally larger than 50 cm (Petersen, Schauwecker, Brock, Immerzeel, &
Pellicciotti, 2013). Given that the runoff regime is a complex mixture
of rain, melt and subsurface flow during the monsoon, it is difficult to
provide a conclusive answer on the contribution of melt under the
debris-covered tongue to the total runoff. Only a fully distributed and
well calibrated glacio-hydrological model would be able to resolve the
single components to runoff accurately.

Our findings indicate that glacier melt water generated under the
debris cover plays only a marginal role in the total amount of water
that is generated in the Lirung catchment. The zero degree isotherm
during the monsoon is on average located at 5400 m elevation and it
is therefore possible that, in addition to rain runoff, significant amounts
of melt water are generated just above the upper part of the tongue
(4400 m) in the transition zone toward the steep accumulation area
where debris cover is thin or non-existent and ice is exposed. This is
also confirmed by recent estimates of an equilibrium line altitude of
5260 m elevation of the Yala glacier in the same valley (Fujita &
Nuimura, 2011).

4.3. Surface velocity

The surface velocity (right panel Fig. 5) varies from 2.5 m between
May and October in the upper part of themonitored area to completely
stagnant near the terminus. Naito et al. (1998) report surface velocities
between 2.8 and 7.5 m between June and October in the period 1994–
1996 for the middle part of the glacier and between 1.9 and 2.5 m for
the lower part of the glacier. Although surface velocity is in the same

Table 2
Stake ablation rates (m) for theMay–Oct period (locationsmarked in Fig. 5). DEM ablation is the DEM difference integrated over the flow path betweenMay and October 2013. The zonal
mean and standard deviation are based on a 5 meter buffer around the stake.

Stake Stake ablation DEM ablation Difference Zonal DEM mean Zonal DEM st.dev.

S1a −1.77 −2.15 0.38 −2.17 0.32
S2_2 −2.05 −2.23 0.18 −2.22 0.29
S3 −2.13 −0.08 −2.05 −0.37 0.94
S4 −1.77 −1.90 0.13 −1.90 0.54

Fig. 5. Digital elevation model in October 2013 (left panel), changes in elevation between May and October 2013 (middle panel), and the derived surface velocity and direction of flow
(right panel). The middle panel shows the locations of the ablation stakes and the extents of the panels of Fig. 7 (solid boxes) as well as the extent in Fig. 8 (dashed box).
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order of magnitude, it shows that the glacier has further slowed down
relative to 1994–1996. The direction of flow is also strikingly similar.
The measured flow direction at the upstream part is eastward, which
may be due to the possibility that most of the avalanches that feed the
glacier tongue occur on the north western part of the tongue. The slight
elevation gain of around 0.5 m in the outer curve of the glacier is likely
the result of a vertical emergence velocity as a result of ice compression
in the bend of the glacier (Fig. 5, middle panel).

The thick debris layer, the low melt rate and the slow flow are
indicative that the Lirung Glacier is in a final stage. The accumulation
zone is separated from the tongue, the tongue has slowed down
almost completely and is losing mass. The present state of the Lirung
Glacier, with its relatively low altitude tongue, may be a preview of
the fate of other debris-covered tongues in the Himalaya, and our
observations match with what is projected for debris-covered glaciers at
higher altitude in the Everest region of Nepal (Naito, Nakawo, Kadota, &
Raymond, 2000; Shea, Immerzeel, Wagnon, Vincent, & Bajracharya,
under review).

4.4. Role of ice cliffs and supra-glacial ponds

The spatial variation in elevation changes and DDFs is striking and
the largest changes are found in the vicinity of supra-glacial ponds
and adjacent ice cliffs, which have been manually digitized on the
basis of the ortho-mosaic. Several studies have stressed the accelerating
role these ponds and cliffs have in the overall melt of debris-covered
tongues of Himalayan glaciers (Benn et al., 2012; Haidong et al., 2010;
Reid & Brock, 2013; Sakai et al., 2009).

Supra-glacial ponds have been observed on glaciers with a low incli-
nation and strong down-wasting since the end of the Little Ice Age
(Sakai & Fujita, 2010) andboth of these conditions aremet on the Lirung
Glacier. These ponds are generally above the hydrological base, i.e. the
glacier outlet, and they can drain episodically when connected to the
glacial drainage system. The water in the ponds warms in response to
solar radiation inputs, and surveys in the Everest region revealed large
englacial voids created by the drainage of warm water from the ponds
(Benn et al., 2012). In that study it is hypothesized that the “roof” of
such voids may collapse and this would generate a new depression
that could lead to the formation of a new lake. Ice cliffs are generally
found near the lakes and their melt rates are much higher on the
exposed cliffs compared to the ice covered by a thick debris mantle. A
previous study suggests that on the Lirung Glacier 69% of the total
melt originates from ice cliffs while they only cover 2% of the total
area (Sakai et al., 1998). Heat fluxes of the cliffs measured in a more
recent study, however, indicate that it is likely less pronounced (Sakai,
Takeuchi, Fujita, & Nakawo, 2000). Similar conclusions are drawn

for the Koxkar glacier in China (Haidong et al., 2010; Juen, Mayer,
Lambrecht, Haidong, & Shiyin, 2013) and the Miage glacier in Italy
(Reid & Brock, 2013). In our case and for this season we observe a
total area of 0.04 km2 (8% of the total monitored area) of supra-glacial
ponds and associated ice cliffs and this 8% in area generates 24% of the
total melt and can largely be explained by the backwasting of the ice
cliffs (Reid & Brock, 2013; Sakai et al., 1998). This is afirst order estimate
and in the future we will seek to verify our findings with a full energy
balance model of the glacier including ice cliffs and lakes. The upper
portion of the debris-covered tongue,whichwas not covered in our sur-
veys, has a greater density of lakes and ice cliffs.

The interplay between englacial conduits and voids, ice cliffs and
glacial lakes is likely a key factor controlling mass loss on debris-
covered glaciers rather than melt at the surface. To investigate this in
detail, we focus on four specific areas marked in the middle panel in
Fig. 5. Fig. 7 shows the ortho-mosaic ofMay 2013 (left column), October
2013 (middle column) and the DEM difference (right column) for the
four selected areas. As shown in the figure, the ice cliffs present on the
glacier can have different aspects. This is consistent with the theory
that incoming shortwave radiation is not the dominant process in the
formation of ice cliffs and that other processes such a debris slope
slumping, ice cliff calving and collapsing englacial conduits play an im-
portant role (Benn et al., 2012).

Panel A shows the terminus, where strongmass wasting is observed
over a large area. The dotted line shows the estimated position of the ice
and substantial changes have occurred. New ponds have formed in the
pro-glacial valley and cliffs with exposed ice have emerged between
May and October to the right and left of the dotted line in the October
image. The cliffs have a DDF between 5 and 7 mm °C−1 day−1, which
is roughly a factor 10 higher than the glacier average. We interpret
these observations as indications that the terminus area is undergoing
rapid change, which exposes ice cliffs and results in accelerated mass
loss.

Panel B shows a typical supra-glacial pond with an adjacent ice cliff.
In May the pond is about 60 m wide while in October the pond has
almost completely drained. This process is observed all over the glacier.
We hypothesize that the englacial conduits that drain surface water are
frozen in May and that the inputs of warmed lake water and precipita-
tion during the monsoon season open the conduits and allow drainage
to occur. Fig. 6B also shows that large parts of the ice cliffs in the north
west corner have been covered by debris and that the DDF on the
main cliff reached values up to 12 mm °C−1 day−1, indicating that the
debris cover is thin. The translocation of a boulder between May and
October can also be clearly seen in this image, north of the melt pond.

Panel C illustrates extreme changes observed around a supra-glacial
pond. The pond has slightly drained and shifted toward the southeast.
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Fig. 6. Histogram of changes in elevation between May and October 2013 based on the 0.2 m resolution DEM difference.
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Mass wastage related to ice calving (Benn et al., 2012) clearly occurs
here. A steep scarp of ~80° developed between May and October on
the east side of the lake, visible as the darker shaded area in the October
image. Furthermore, a steep part of the cliff part has collapsed at the
northeast side of the pond. The calving is likely related to the lack of
drainage during the monsoon season of the pond.

Other cliff-forming processes that occur in the vicinity of this pond
appear to confirm those described by Benn et al. (2012), e.g. slumping
of the debris slope seems to have formed the large cliff at the area
north of the pond while the southern part of the cliff is possibly caused
by a roof collapse. The latter might be the cause of a conduit blockage
that resulted in the lack of pond drainage.

Finally, Panel D shows the migration of a north-facing ice cliff with-
out the presence of a pond. The horizontal movement is substantial
(7 m–11 m) and the cliff is more pronounced in October. The DDF
for this cliff is between 6 and 10 mm °C−1 day−1, compared with the
average DDF of 0.7 mm °C−1 day−1 we computed for the entire moni-
tored region. Generally north-facing ice cliffs melt at lower rates as the
amount of incoming radiation is limited compared to south-facing cliffs
(Benn et al., 2012; Sakai et al., 2002). In this case, the absence of an
adjacent pond results into a relatively shallow slope of ~35°,which allows
for more incoming shortwave radiation and a relatively high DDF.

Near the terminus of the glacier there is a large area with a high
density of ice cliffs and high melt, and we hypothesize that these areas

-15 > 5 <-10 -5 0
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Fig. 7. Changes in surface features around selected locations. The left column shows the ortho-mosaic of May 2013, the middle column of October 2013 and the right column the DEM
difference.
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are connected by a network of englacial conduits (Fig. 8). The conduit
locations were visually estimated from the subsidence patterns present
in the DEM difference that were assumed to be caused by thawing and
deformation of the conduits. These conduits could play an important
role, not only in draining water, but also in the dynamics of surface
deformation. Therefore, to develop a better understanding of the
dynamics of debris-covered glaciers, we believe it is key to study the
conduits in more detail using, for example, ground penetrating radar
techniques (Bernard et al., 2014; Sakai & Fujita, 2010; Shea et al.,
under review; Wagnon et al., 2013) and repeated UAV surveys.

5. Conclusions and recommendations

In this study we deploy, for the first time, a UAV over a debris-
covered Himalayan glacier. The imagery is used to derive high-
resolution ortho-mosaics and digital elevation models. We compare
results from May and October 2013 campaigns to quantify mass loss
and surface velocity and we draw the following conclusions.

The potential of using UAVs in glaciology is high and it may revolu-
tionize classical field based methods. Traditionally stakes are drilled
into the glacier, but this is challenging on glaciers with a thick debris
cover and only results in an aggregated amount of melt at a few point
locations with inaccuracies that can be high. Given the large variation
in melt rates, it is almost impossible to drill stakes with a sufficiently
high density such that this heterogeneity in melt rates is captured. Fur-
thermore, while stake drilling is a labor-intensive and time consuming
process, the UAV data acquisition in May and October was carried out
in just two half days. Our results show that high-resolution DEM
differencing based on UAV imagery provides the equivalent of millions
of stakes at a sufficiently high accuracy.

Some caveats are warranted here, which in fact pertain to all studies
where stake readings are compared with a geodetic approach. Geodetic
approaches quantify surface elevation changes and themeasured signal
is a combination of ablation (or accumulation) and surface submer-
gence/emergence. Stakes quantify relative changes in ice thickness
from the surface and therefore only ablation (or accumulation is mea-
sured). Averaged over the entire glacier the error made in mass balance
estimates using the geodetic approach is negligible, but locally it could
be significant, in particular for dynamic and fast flowing glaciers. For
future applications on dynamic glaciers it would be recommendable to
quantify the emergence velocity based on estimates of ice thickness

(e.g. derived from ground penetrating radar measurements) and flow
velocity and direction.

Our results also show that UAV imagery provides results at a resolu-
tion and accuracy that cannot currently be met by satellite derived
products. Geodetic methods based on satellite imagery generally cover
decadal-scale intervals to be able to distinguish noise from the signal
of surface height change. Satellite imagery also does not allow detailed
analysis of glacier surface velocity and image availability depends on
the satellite overpass compared to the on-demand deployment of the
UAV system. For the future, annual campaignswithUAVs on benchmark
glaciers could be an important contribution to understanding the im-
pacts of climate change on Himalayan debris-covered glaciers, some-
thing which is still very uncertain (Cogley, 2011).

Our results show that the average mass loss over the part of the
debris-covered tongue that we have monitored is limited, mostly due
to the thick debris cover that insulates the ice. In addition, the low sur-
face velocity and the separation of the tongue from the accumulation
area show that the Lirung Glacier is in a decaying condition. The tongue
of the Lirung Glacier is at a low elevation compared to other Himalayan
glaciers and it is therefore very sensitive to temperature increases. It
may also serve as an example of the future fate of many debris-
covered Himalayan glaciers if global warming persists at the projected
rates.

As the ablation of debris-covered glaciers results in increases in
debris thickness, the melt rate per unit area will decrease with time.
In response, the altitude at which maximum melt occurs will shift
upward to the transition zone between tongues and accumulation
zones, where debris-free ice is exposed. Future research should focus
on this shift and assess the climate sensitivity of glaciers as a function
of projected temperature increase, glacier hypsometry and the presence
and thickness of debris cover.

With a −1.09 m DEM difference, the overall melt rate over the
monitored area is low, but our results show that there is a high spatial
variability of melt and surface dynamics. Areas around ice cliffs and
supra-glacial ponds show melt rates which can be up to an order of
magnitude higher than the average. Areas of higher melt rates may be
connected or created by englacial conduits and voids, which may play
an essential role in melt of glaciers characterized by a thick debris
cover. To understand the true dynamics of such glaciers UAV data
should be combined with energy balance measurements on the lakes
and cliffs and ground penetrating radar systems to identify subsurface
voids and conduits.

-3 > -2 -1 0

Fig. 8. Possible locations of englacial conduits superimposed on DEM difference (left) and ortho-mosaic (right).
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