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Abstract

Glacier recession in high-Himalayan catchments leads to the formation of moraine-dammed lakes on many debris-covered glacier
tongues. Such lakes are hazardous to communities and infrastructure downstream because of their potential to breach catastrophically,
and their early recognition is required if remedial efforts are to be timely and cost-effective. Whilst the development of supraglacial
lakes is known to begin as a series of ponds that subsequently coalesce into a larger lake, the relationship between glacier dynamics
and lake formation is not well understood. Using ERS-1 and ERS-2 Synthetic Aperture Radar (SAR) data, SPOT-5 optical imagery
and historical aerial photography, information is presented on the dynamics and structure of glaciers in Tibet (China) and Nepal that
drain the southern side of the Himalaya. Glacier velocity data derived from interferometry show that where lakes are developing on
debris-covered tongues the ice is virtually stagnant (displacements b5 m a−1). Furthermore, elevation data from Digital Elevation
Models (DEMs) derived from aerial photography and SPOT-5 HRS data reveal that supraglacial lake formation is prevalent where
glacier surface gradients are less than 2° from the glacier terminus, supporting empirical observations from previous work. The
resolution offered by the DEMs and SAR data allows variations in transverse glacier elevations and velocities to be detected, such that
the pattern of lake development on an individual glacier can be identified. Whilst the glacier surface gradient provides the boundary
conditions favourable for lake formation, local variations in glacier velocity and surface morphology between flow units control the
precise location of lake growth. Integrating the surface gradient and velocity information into a single analysis highlights those
glaciers that are particularly vulnerable to lake development over an expected decadal timescale. The wider application of these
techniques, based on remote sensing data, is particularly suitable for ‘first-pass’ hazard assessments and for regions where field access
is difficult due to severe terrain, political sensitivity or financial constraints.
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1. Introduction

Glacier recession and thinning in high mountain
catchments can lead to the formation of glacial lakes
impounded by moraine dams, some of which are
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Table 1
Relationship between glacier surface gradients and supraglacial lake
development in Bhutan, proposed by Reynolds (2000)

Surface
gradient

Interpretation

b2° Formation of large supraglacial lake over stagnant or
very slow moving ice body forms from the merging of
many smaller discrete ponds.

2°–6° Supraglacial ponds form, may also be transient locally,
but sufficiently large areas affected by presence of
ponds.

6°–10° Isolated small ponds may form, transient due to local
drainage conduits opening and closing due to ice flow.

N10° All melt water is able to drain away, no evidence of
ponding.
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hazardous to communities and infrastructure down-
stream because of their potential to burst catastrophi-
cally (Richardson and Reynolds, 2000a; Haeberli et al.,
2001, 2002). The problem seems to be most pronounced
in the low-latitude regions of Asia, South America and
Europe, where alpine-style glaciers are recognised as
being particularly sensitive to the current trend of cli-
matic warming (IPCC, 2001). In addition, relatively
high population densities and increasing economic
activities such as mining, hydropower and associated
infrastructure development mean that vulnerability is
higher than in glacierised high-latitude regions.

Supraglacial lakes begin as a series of ponds that
subsequently coalesce into a larger lake, dammed either
by the stagnating glacier snout or by the end-moraine,
which can also be ice-cored. Studies on the growth of
glacial lakes (Richardson and Reynolds, 2000a; Benn
et al., 2001) and the behaviour of melting ice within
moraine dams (Watanabe et al., 1995; Hanisch et al.,
1998; Richardson and Reynolds, 2000b) are useful in
helping to understand the spatial and temporal devel-
opment of existing lakes, but these process-based
observations do little to highlight those glaciers with a
potential to develop lakes in the future. Nevertheless,
because of the typically long time required to secure
funding and implement a successful remediation of a
hazardous lake (often 10 yr or more), practitioners and
stakeholders ideally need to be able to identify and
prioritise glaciers with a propensity towards lake for-
mation. A predictive tool that could be applied rapidly
and at the regional scale would aid in the identification
of sites to be monitored on annual to decadal timescales,
and would form a vital component of glacial hazard
management strategies.

Analysis of glacier surface gradients for debris-
covered glaciers in Bhutan has already shown a corre-
lation between areas of low gradient and areas of lake
development (Reynolds, 2000) (Table 1). Most signif-
icantly, this work demonstrated that where large supra-
glacial lakes currently exist, the surface gradient of the
glacier prior to lake formation was always less than 2°,
and the 2° threshold was therefore proposed as a key
predictive indicator for lake-development potential
under negative mass balance conditions.

The aim of this paper is to outline a predictive tool for
identifying those glaciers with an expected tendency
towards lake formation over a time-scale of the order of
a few decades. Glacier surface gradients are calculated
from Digital Elevation Models (DEMs) derived from
SPOT-5 HRS satellite data and stereo pairs of aerial
photographs. Supplementary information relating to the
dynamics and structure of Nepalese and Tibetan glaciers
is derived from ERS-1 and ERS-2 Synthetic Aperture
Radar (SAR) satellite data. Specifically, velocities of
Himalayan debris-covered glaciers are determined from
interferometry and are considered in terms of the pro-
cess linkages to glacier surface gradients and lake
development. Application of the techniques is demon-
strated for glaciers in Nepal and Tibet (China) in areas
with a history of catastrophic outburst floods.

2. Study sites

The techniques outlined are demonstrated for five
glaciers in the upper reaches of the Tama Koshi and
Dudh Koshi river basins, which drain the southern flank
of the Himalaya (Fig. 1). The glaciers have been chosen
to represent the various stages of lake development,
velocity rates and surface gradient patterns encountered
on glaciers in the region. Of the three glaciers studied in
the Tama Koshi basin, two are not named on the
available maps and are referred to here as Glacier G1
and Glacier G3. Glacier G1 is in the north of the catch-
ment (terminal position at 28°12′30′′ N, 86°16′25′′ E)
and, with a length of 16 km, it is the longest in the
catchment. Glacier G3 and Drogpa Nagtsang Glacier are
located in the east (28°1′55′′ N, 86°28′40′′ E) and
south-east (27°56′15′′ N, 86°25′40′′ E) of the catch-
ment, respectively. In the Dudh Koshi basin, Imja Gla-
cier is situated at the eastern edge of the catchment
(27°54′8′′ N, 86°54′26′′ E) and calves into Imja Tsho
(tsho = lake). Directly to the west of Imja Tsho is Lhotse
Glacier (27°54′12′′ N, 86°52′30′′ E).

The selected glaciers share basic characteristics
typical to glaciers of the region. They are of the valley-
type and composite form. Their tongues are fed by
several tributaries originating from steep headwalls that
provide ice, snow and rock debris through avalanching.



Fig. 1. Location of the Tama Koshi and Dudh Koshi basins and study sites.
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Debris cover is usually extensive on the tongues,
typically below altitudes of 5500 m, reaching several
metres in thickness at the glacier termini (Nakawo et al.,
1999). Insulation of the glacier tongues by debris has
restricted the amount of glacier termini retreat since their
Little Ice Age maximum extent. This, combined with
differential downwasting as a result of thickening debris
down-glacier, has resulted in a flattening of glacier sur-
face gradients that is conducive to the damming of melt
water as seen by the presence of lakes, ranging from
isolated supraglacial lakes a few tens of metres across to
mature lakes with surface areas up to 1.5 km2 (e.g. Tsho
Rolpa; Tama Koshi basin).

The study areas have a history of glacial floods, the
most notable events being the outbursts from Nare
Glacier in 1977 (Buchroithner et al., 1982) and from
Dig Tsho in 1985 (Vuichard and Zimmermann, 1987).
In addition, sources for at least 14 glacial flood events
in the Tama Koshi have been identified on the satellite
data used for this study. The lakes Imja Tsho (Dudh
Koshi basin) and Tsho Rolpa (Tama Koshi basin) are
currently of concern to the local authorities and have
been studied intensively (Watanabe et al., 1995;
Yamada, 1998; Reynolds, 1999; Rana et al., 2000;
Mool et al., 2001).

3. Data sources and methods

3.1. Data

For the Tama Koshi catchment, satellite image
classification and interpretation is based on SPOT-5
HRG sensor (5 m spatial resolution panchromatic) and
SPOT-4 HRVIR sensor (20 m spatial resolution multi-
spectral) data, acquired between November 2001 and
November 2003 and orthorectified by SPOTImage,
France, to within one pixel of one another across ∼98%
of the catchment (determined by visual inspection). A
DEM was also processed in tri-stereo by SPOTImage
using HRS imagery acquired on November 2002, with
20 m spatial resolution. As cloud cover, steep terrain and
a lack of archived datasets limited image availability,
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only 59% of the extracted DEM values were calculated
to be within the vertical accuracy limit of 10 m specified
by SPOTImage. The remaining 41% of the DEM was
filled by the GTOPO30 dataset, which is accurate to
within ±30 m vertically (USGS, 1993).

Such fine resolution data were not available for the
Dudh Koshi basin so coverage was provided instead by
stereo aerial photography acquired in 1984 (by Bradford
Washburn; approximate scale 1:50000). These images
were scanned from the original diapositives of the film at
high resolution and came complete with camera cali-
bration information. The Dudh Koshi stereo model was
constructed using SOCET SET photogrammetric software
and a relative DEMwas extracted at a spatial resolution of
20 m. The relative accuracy of the resultant DEM is
known to be high, with specified RMS error value of 1.9.

For the calculation of velocity information, three
tandem pairs of ERS-1 and ERS-2 data (images sep-
arated by a 24 h period) were acquired. All velocity
calculations were based on a pair from 29–30 March
Fig. 2. Procedure for calculating the surface gradients of debris-covered glacie
by conceptual diagram.
1996, which showed the highest level of coherence for
meaningful displacement data to be extracted.

3.2. Surface gradient measurements

Glacier surface gradients were derived by calculating
the angle of a line running from the glacier terminus to
each individual segment on the glacier surface (Fig. 2).
First, the extents of debris-covered glaciers were delin-
eated from multispectral satellite data using a segmen-
tation-based classification modified from a procedure
first presented by Paul et al. (2004). A segment (or pixel)
from which to make the calculations was then selected
based on the point of emergence of drainage from the
glacier snout, since the point of drainage is considered to
be the most easily identifiable indicator of the base level
that controls the drainage of melt water from farther up-
glacier. The horizontal and vertical position of the
starting segment was recorded from which it was then
possible to calculate the horizontal and vertical distances
r snouts. The full method is detailed a) by a flow chart, and illustrated b)
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of each segment on the same glacier, and using trigo-
nometry, calculate the angle of a line drawn between the
two. Surface gradients were then grouped within the
classes proposed by Reynolds (2000) (Table 1) for ease
of display.

3.3. Glacier velocity calculations

Standard interferometric SAR (InSAR) processing
procedures (Fatland and Lingle, 1998) were applied to
the tandem pair of ERS-1/2 images from 29–30 March
1996, using GAMMA SAR processing software
(Werner et al., 2001), to generate a single interferogram
in which the phase was dependent on orbital parameters,
such as the length of the baseline and the imaging angle,
as well as surface topography and surface displacement.
Orbital parameters were reconstructed using records
supplied by the Technical University of Delft (Scharroo
and Visser, 1998), and the topographic phase was mod-
elled using an SRTM DEM (90 m spatial resolution). It
was thus possible to isolate the phase component re-
lating to surface deformation.

Because this interferometric phase was represented in
the range 0–360°, there remained an unknown integer
ambiguity relating to the extra distance (in whole wave-
lengths) travelled by the radar signal between the two
SAR antennas. The phase image was thus unwrapped
from a known point of stability (in the current study, this
was usually a stable rocky region off the ice) using
bridges to connect areas of phase separated by patches of
low coherence. Thus, a surface displacement map (in the
line-of-sight of the sensor) was derived, where fractional
phases were converted to magnitude of displacement in
the horizontal plane. These displacement data were then
converted to down-slope velocities using the SRTM
Fig. 3. InSAR processing steps for the calculation of glacie
DEM slope information and the sensor-terrain geometry
at the time of image acquisitions (Fig. 3).

There are a number of potential error sources that
may influence the final InSAR velocity results. These
include phase noise, atmospheric noise, baseline error,
dem error and unwrapping errors. Phase noise, which is
related to image coherence, typically contributes a high-
frequency noise component of around ±3 /cosθ mm/day
to InSAR glacier motion data (Fatland and Lingle,
1998). Atmospheric noise is caused by local variations
in atmospheric conditions between the two SAR
antennas and the target area and also has a small effect
on the velocity measurements, of the order of ±5 mm/
day. Baseline error is usually kept to a minimum by
placement of Ground Control Points (GCPs) on areas
with known co-ordinates, but lack of field data in the
current study meant the baseline calculation was made
from the DELFT orbit files. DELFT orbit errors are now
routinely less than 5 cm (Scharroo and Visser, 1998),
and thus the implications of non-baseline refinement are
very small. DEM error results in the inaccurate removal
of topographic phase from the interferogram and is
proportional to baseline length. It is known to be neg-
ligible for sufficiently small baselines (Goldstein et al.,
1993). Finally, phase unwrapping from a non-zero velo-
city starting location may introduce a small offset to all
velocity data within a scene, typically b2 /cosθ cm/day
(Fatland and Lingle, 1998). The total error from these
sources is thus around 0.02 m/day, which is consider-
ably less than the velocity signals from which glacier
processes are inferred. Furthermore, by considering the
apparent velocities of ice-free terrain measured using
these techniques, an empirical measure of error can be
found. In this study, empirical errors were generally less
than 0.01 m/day.
r velocities (adapted from Fatland and Lingle, 1998).



Fig. 4. Glacier G1, shown (a) in SPOT-5 HRG imagery with the major lake locations marked in white, (b) with glacier surface gradient information calculated from HRS-derived DEM and (c) with
velocity information derived by InSAR.
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Fig. 5. Drogpa Nagtsang Glacier, shown (a) in SPOT-5 HRG imagery, (b) with glacier surface gradient information calculated from HRS-derived DEM and (c) with velocity information derived by
InSAR.
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Fig. 6. Glacier G3, shown (a) in SPOT-5 HRG imagery, (b) with glacier surface gradient information calculated from HRS-derived DEM and (c) with velocity information derived by InSAR.

144
D
.J.

Q
uincey

et
al.

/
G
lobal

and
P
lanetary

C
hange

56
(2007)

137–152



Fig. 7. Imja Tsho and Glacier, shown (a) in historical aerial photography (1984), (b) with glacier surface gradient information calculated from a photogrammetry-derived DEM and (c) with velocity
information derived by InSAR.
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Fig. 8. Lhotse Glacier, shown (a) in historical aerial photography (1984), (b) with glacier surface gradient information calculated from a photogrammetry-derived DEM and (c) with velocity
information derived by InSAR.
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4. Application to Himalayan glaciers

Five glaciers were chosen for the application of InSAR
and surface gradient calculations to reflect varying degrees
of lake development. Three glaciers in the Tama Koshi
basin provided examples of debris-covered snouts with
low, medium and high supraglacial lake coverage, and two
farther glaciers in the Dudh Koshi basin were selected to
provide extreme cases, one with a fully developed glacial
lake and the otherwith no visible evidence of surfacewater.

4.1. Glacier G1, Tama Koshi basin

Calculated surface gradients and velocity information
for Glacier G1 are presented in Fig. 4. The values of
surface gradient, as measured from the point of drainage
evident at the glacier terminus, reveal topographic
variations both parallel and perpendicular to the glacier
centre-line. On the western side of the glacier a zone of
surface gradient of b2° extends for 3 km from the
terminus, whilst on the eastern side this same low gradient
zone extends for 5 km from the terminus (Fig. 4b).
Supraglacial lakes are most prevalent in this area of low
gradient, particularly on thewest side of the glacier tongue
1.5 km from the terminus, where a single, 750m long lake
is surrounded by several smaller lakes (Fig. 4a). The
remainder of the debris-mantled glacier tongue generally
lies within the gradient class of 2–6° and contains only
isolated small lakes.

Measurements derived from interferometry show
velocities decreasing from 0.07–0.10 m/day (equivalent
to 25–35 m a−1) in the upper reaches of the debris-
covered glacier tongue to 0.03–0.06 m/day (equivalent
to 11–22 m a−1) closer to the terminus (Fig. 4c), with a
gap in measurements from the central part of the debris-
covered snout due to masking of the SAR image by a
nearby mountain peak (an effect termed layover).
Limited velocity data for the main right bank tributary
glacier show that it is approaching stagnation (0.01–
0.03 m/day; 3–10 m a−1) and that it is not connected
dynamically to the main glacier tongue, as supported by
evidence of mass-movement processes between the two
in the satellite image.

Based on surface attributes, such as debris and struc-
tural characteristics, the individual glacier tributaries can
be tracked into the debris-covered tongue as identifiable
‘flow units’. For example, the lateral change in surface
morphology over the lower 5 km of the tongue of
Glacier G1 is consistent with a flow unit boundary
interpreted from subtle changes in the tone of the debris
on the satellite image (Fig. 4a). Debris transported onto
the glacier by the western most flow unit at the head of
the main tongue can be traced down-glacier as far as the
area of pond development. This flow unit also has the
smallest accumulation area of the cirques at the glacier
head and is therefore least likely to be able to sustain
glacier flow. The central and eastern (left bank) parts of
the glacier tongue comprise flow units from the central
cirque (from which a lobe of debris-free ice can be seen
extending far into the debris-covered area; Fig. 4a) and
the west facing cirques on the left bank. It is this central
and eastern side of the tongue that shows the extension
of the b2° gradient zone farthest up-glacier. Although
there are small lakes, they remain isolated.

4.2. Drogpa Nagtsang Glacier, Tama Koshi basin

Drogpa Nagtsang Glacier is a composite glacier
formed by ice from at least five tributaries, with debris
mantling the lower 6 km of the glacier tongue (Fig. 5a).
Several supraglacial lakes lie close to the terminus, the
largest measuring 0.8 km2 and extending across the
entire width of the glacier. Above this large lake, many
isolated and some inter-connected lakes can be found up
to a point at least 3.2 km from the terminus. The degree
of lake formation at this site is thus at an advanced stage.

Based on calculations from the DEM, the surface
gradient of DrogpaNagtsangGlacier is b2° for almost the
entirety of the debris-covered area (Fig. 5b). In this zone,
the recorded velocities are of the order of 0–0.01 m d−1

(Fig. 5c), which are within the quoted error ranges and can
thus be considered stagnant. The first detectable glacier
movement is at a point 6 km from the glacier snout, where
downslope velocities are 0.02 m d−1 (equivalent to
∼7 m a−1). From this point, surface flow rate increases
up-glacier, as would be expected, to a maximum value of
0.06 m d−1 (equivalent to ~22 m a−1) at the upper margin
of the debris-covered area.

Velocity measurements on Drogpa Nagtsang Glacier
broadly correlate with the surface gradient pattern,without
the lateral variations across flow units seen in Glacier G1.
Large-scale stagnation of the lower 6 km of the tongue is
likely to render the glacier susceptible to further lake
expansion, particularly as the surface gradient calculations
suggest the majority of the glacier surface is below the
drainage base level and thus unable to drain by inter-
ception of existing conduits.

4.3. Glacier G3, Tama Koshi basin

Glacier G3 extends northwards from three north to west
facing cirques, before turning sharply to the west upon
reaching the valley floor and flowing for a farther 3 km to
its terminus (Fig. 6a). Surface gradient calculations show
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that the terminus dips steeply away from the observed point
of drainage at an angle ofN6° (Fig. 6b).Above the drainage
point, the glacier surface generally lies within the 2–6°
gradient range throughout the debris-covered area. Several
isolated zones of gradientb2° exist, but they are unlikely to
influence the general pattern of steeper gradient. There are
no lakes on the glacier snout, nor is there morphological
evidence for any former lake basin on the glacier surface.

Measured velocity values across the tongue of Glacier
G3 are generally undetectable (≤0.01 m d−1) (Fig. 6c).
Vegetation on the snout of the glacier is indicative of
stagnation and supports such results. Only in the upper
reaches of the glacier tongue, directly beneath the icefall,
are some higher values of up to 0.03m d−1 (equivalent to
∼11 m a−1) recorded, which are low in comparison with
data from other glaciers within Tama Koshi catchment.

It is assumed that the channels incised into the snout
and end-moraine complex facilitate drainage of melt
water from the surface of Glacier G3. Because the tongue
is stagnant, it is not possible to invoke a mechanism of
crevasses opening and closing in response to glacier flow
to explain the efficient supraglacial drainage.

4.4. Imja Tsho and Glacier, Dudh Koshi basin

Imja Glacier is 5 km long from its well-defined
headwall to its terminus at the eastern shore of Imja
Tsho. Lhotse Shar Glacier converges with Imja Glacier
from the north, some 2 km from the terminus, the latter
squeezing the Imja Glacier flow unit towards the
southern bank (Fig. 7a). Across much of the debris-
covered tongue there are several isolated ponds sur-
rounded by exposed ice cliffs. The composite terminus
actively calves into Imja Tsho, which developed from a
series of supraglacial ponds in the 1950s (Yamada,
1998) into a lake with a surface area of 0.96 km2 in
2002. The lake is bordered by unstable lateral moraines
that are contiguous with an end-moraine complex which
impounds the lake. This complex measures approxi-
mately 0.5 km long and 0.5 km wide and is, at least in
part, cored with relict glacier ice.

Topographic information extracted from the aerial
photography DEM shows that in 1984 Imja and Lhotse
Shar glaciers had gradients below 2° up to a point well
above their confluence (Fig. 7b). The surface profile of
both tributaries then steepened towards the clean ice
area to 2–6° and then to N6° towards the foot of the
headwalls. Glacier velocity measurements based on the
1996 data show that both tributary glaciers are stagnant
in their lower reaches, in the area coinciding with
surface gradients b2° (Fig. 7c). Above the confluences,
layover obscures much of the data and glacier flow is
not clear, although isolated patches of velocity data on
Lhotse Shar Glacier near to the clean ice area reach
values of 0.05 m d−1 (equivalent to ∼18 m a−1).

4.5. Lhotse Glacier, Dudh Koshi basin

Lhotse Glacier extends for 8.5 km from the massive
3 km high headwall beneath the peaks of Lhotse (8501m)
and Lhotse Shar (8383 m) (Fig. 8a). For ∼ 4 km
downstream of the headwall, the presence of crevasses
and ice cliffs suggests that this part of the glacier is still
quite active. In contrast, the lower 3 km of the terminus is
partly vegetated and the debris is weathered and lichen-
covered, suggesting increasingly stagnant ice down-
glacier.

Using the 1984 DEM, surface gradients have been
calculated from a point where the main melt water stream
emerges from the ablating terminus (Fig. 8b). The terminus
of the glacier at this time fell steeply away at an angle N6°
with no evidence of a significant terminal moraine com-
plex. Any previous moraine complex has beenwashed out
by discharging melt water, as indicated by extensive gla-
ciofluvial sediment beyond the snout, and confirmed by
recent field observations. Up-glacier of the steep snout, the
gradient flattens to within the 2–6° range for the remainder
of the debris-covered tongue, increasing again to N6° in
the area of avalanche cones at the base of the headwall. The
velocity data reveal a stagnant zone extending for 2 km
from the glacier terminus, correlating closely with the area
of gradient N6°. In contrast, the upper part of the glacier
tongue is relatively active with flow rates recorded up to
0.12 m d−1 (equivalent to ∼44 m a−1). These are the
highest flow rates recorded on any of the glaciers studied.

Apart from a few isolated, small lakes (up to a few
tens of metres across) there is little sign of ponding on
the surface of Lhotse Glacier. It would appear that the
relatively steep surface gradients N6° at the terminus
promote drainage of surface melt water through existing
channels or conduits. The flatter sections of the tongue
lie above the 2° threshold and within the active part of
the glacier. Further, the surface gradient calculations
show that the flatter sections are much higher than the
drainage base level, which is likely to promote episodic
drainage and thus ephemeral lakes only.

5. Discussion

5.1. Relationships between surface gradients, velocity
and lake formation

The relationship between glacier surface gradients,
velocities and the location of supraglacial lakes is not



Table 3
Refined relationship between glacier surface gradients, glacier velocity
and supraglacial lake development based on the findings of this study

Surface gradient
and velocity
characteristics

Interpretation

Gradient b2°,
stagnant ice

Minimal opportunity for reorganisation of
drainage conduits, promoting large scale
lake development

Gradient b2°,
measurable flow

Large lake likely but with a potential for drainage
through the reorganisation of drainage conduits
through flow

Gradient N2°,
stagnant ice

No opportunity for reorganisation of drainage
conduits through flow, but steeper hydraulic
gradient aids drainage and lake development is
unlikely

Gradient N2°,
measurable
flow

Opportunity for reorganisation of drainage
conduits through flow and steeper hydraulic
gradient aids drainage, resulting in most efficient
drainage conditions so that lake development is
least likely
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straightforward at the high temporal and spatial re-
solutions studied. The gradient of the terminus and
lower parts of the glacier tongue seems to be vital in
controlling where lakes develop. Where large lakes
occur, the glacier surface gradients are always b2°,
whereas above this threshold only isolated smaller lakes
are found (Table 2), confirming the initial findings of
Reynolds (2000). The availability of velocity data has
shown that below the 2° gradient threshold, lakes may
not form (or may form over much longer timescales)
where glacier flow is occurring. This confirms that the
precise location of lake development in low gradient
areas is still dictated by local conditions such as where
glacier flow leads to the opening and closing of cre-
vasses. This is best seen for Glacier G1, for example,
where velocity, morphology and debris cover at the
individual flow unit scale, combined with possible
sources of melt water from a detached former tributary,
restrict lake development to the western part of the
glacier (Fig. 4). In areas with higher flow rates in the
centre of the glacier, lake development is not as ad-
vanced despite more extensive areas of the glacier
surface being below the 2° threshold. In light of the
above findings, a refinement to the relationship between
glacier surface gradient and the location of lake devel-
opment, identified by Reynolds (2000), is presented
(Table 3).

It seems that the point of drainage plays a critical role
in controlling the level of upstream ponding, similar to
the manner in which reverse bed gradients in outwash
deposits at a glacier bed control englacial hydrostatic
levels (Kirkbride, 1993). For glaciers undergoing wide-
spread lake expansion, the supraglacial and englacial
hydrological networks are at some point likely to be-
come connected, and from that point onwards the point
of drainage from the glacier will control the surface level
of the lake. Smaller lakes are less likely to be connected
Table 2
Summary of relationships between glacier gradients, velocities and the
stages of lake development

Glacier Terminus
gradient

Terminus
velocity

Stage of ponding

Glacier
G1

West side b2° Stagnant Lakes coalescing
Central and
east side

b2° 0.03 m d−1 Isolated small lakes

Drogpa Nagtsang
Glacier

b2° Stagnant Large lake and
coalescing smaller
lakes

Glacier G3 N6° Stagnant No lakes
Imja Glacier b2° Stagnant Large lake, isolated

small lakes above
Lhotse Glacier N6° Stagnant No lakes
to the englacial hydrological system and are more likely
to remain perched, their level controlled by local struc-
tures and the morphology of the glacier surface. Higher
points of drainage in relation to the glacier surface, such
as over a well-defined moraine ridge, will clearly result
in a low hydrostatic gradient and promote larger scale
ponding. Where the point of drainage is at a lower
elevation than the majority of the glacier surface, for
example through a channel deeply incised in the mo-
raine, the hydrostatic gradient is increased and supra-
glacial and englacial drainage is ensured, even if large
areas of the glacier tongue are stagnant (e.g. Glacier G3
and Lhotse Glacier).

5.2. Implications for lake development in the study
areas

If the 2° surface gradient indicator is taken literally,
significant lake expansion can be expected on the
existing lakes in the study area. Imja Tsho currently
expands predominantly through calving; a process likely
to continue under the current negative mass balance
conditions until the glacier recedes above the lake. From
observations of satellite images and from current under-
standing of lake development rates and processes (cf.
Tsho Rolpa and Imja Tsho—Yamada, 1998; Ngozumpa
Glacier — Benn et al., 2001), Drogpa Nagtsang Tsho
and the lake on Glacier G1 can be expected to expand in
both up- and down-glacier directions by the melting of
ice faces, mechanical exploitation of structures such as
crevasses or foliations and coalescence of adjacent lakes.
Typically, as lake depths reach a critical threshold the



150 D.J. Quincey et al. / Global and Planetary Change 56 (2007) 137–152
principal mechanism of expansion is likely to switch to
active calving on the upstream side (Kirkbride, 1993).
For those glaciers with steeper termini (e.g. Lhotse
Glacier) surface ponding is unlikely in the near future
until downwasting flattens gradients below the 2°
threshold. Where unique local factors influence drain-
age, such as the well developed drainage channels
through the terminus and moraine of Glacier G3, it
would require significant and unlikely increases in ice-
flow, or local mass-movements, to reorganise or block
the channels in favour of lake formation.

Whether or not any of the established lakes, or gla-
ciers with the potential to form lakes, represent signif-
icant hazards depends upon their susceptibility to an
outburst, and the potential magnitude and runout dis-
tance of any outburst. These factors are controlled by the
interactions between local glaciological, morphological,
geotechnical boundary conditions and external climate
and geological (tectonic) factors (Hanisch et al., 1998;
Richardson and Reynolds, 2000a; Huggel et al., 2004).

5.3. Glacier velocities and glacier health

A striking observation arising from this study is that
glaciers in these catchments are largely approaching
stagnation, with the exception only of those with the
largest accumulation areas. Only Glacier G1 in the Tama
Koshi is flowing throughout the entire length of its
tongue, and even then flow is restricted to specific flow
units. None of the other glaciers show any ice-flow close
to their termini. The highest flow rate of 0.12 m d−1

(equivalent to ∼44 m a−1), as recorded on Lhotse
Glacier, is not sustained to the glacier terminus, which
remains stagnant over its lower 2.5 km. Although this
study uses velocity measurements acquired over a 24 h
period, the scaled-up annual equivalent values are in
general agreement with previously published velocity
data for nearby glaciers: e.g., 70 m a−1 was recorded at
the boundary between clean-ice and debris-covered
areas on the Khumbu Glacier in the late 1960s (Nakawo
et al., 1999). Contemporary measurement of south
flowing debris-covered glaciers in the Bhutan Himalaya
also reveal similar velocities, mainly between 20–50 m
a−1 (Kääb, 2005).

Low ice-flow rates reflect long term negative mass
balance conditions. The large degree of stagnation iden-
tified here, at glacier-specific and regional scales,
confirms that insufficient mass is reaching the glacier
tongues to sustain them. As a consequence of the resultant
downwasting, tributary glaciers are also becoming
detached, reducing still further the supply of mass to the
main glacier tongues. Widespread stagnation is likely to
continue under current climatic conditions and under
future climatic change scenarios, with severe conse-
quences for melt water runoff and lake development. If,
due to the insulating effect of the debris, the glaciers are so
far out of equilibrium with climate as believed (Naito
et al., 2000), then even a change to conditions more
favourable for accumulation is unlikely to slow the
wastage of glaciers or hinder the growth of supraglacial
glacial lakes over a timescale of decades.

5.4. Method considerations

The method for establishing surface gradients
developed here provides data, including lateral varia-
tions in gradients, in a quantitative and comprehensive
manner that allows repeatability through time and by
different operators. With its simplicity of application
and specific rules regarding where the calculation start
point should be situated, the surface gradient calculation
technique is ideal for initial (‘first-pass’) hazard assess-
ments at a variety of spatial and temporal scales. Sub-
jectivity is limited to correctly identifying the point of
drainage for use as the calculation start point. The
quality of surface-gradient calculations is also depen-
dent on the accuracy of the DEM, which is a function of
internal and absolute accuracies of the stereo model
from which the DEM was derived. In the application to
surface gradient calculations, the measurements are
based on the relative values between DEM pixels, and
therefore the accuracy of the absolute values is less
important. If access is not always available to high-
quality ground-control points to constrain the absolute
position of the DEM, the relative topographic values can
be used with confidence providing the internal accuracy
of the stereo model can be verified.

An advantage of SAR interferometry over comparable
techniques to measure glacier velocities (e.g. offset (fea-
ture) tracking; Luckman et al., 2003) is the level of
precision that can be achieved, typically to ±0.01 m d−1,
which largely accounts for its preferred use in published
glaciological studies (Frolich and Doake, 1998; Michel
and Rignot, 1999; Forster et al., 1999; Joughin, 2002).
However, the application of InSAR to slower flowing,
debris-mantled mountain glaciers in high-altitude regions
is novel, possibly because of the difficulties associated
with layover, which can mask out much of the glacierised
terrain. In areas such as this, weather patterns are also
unpredictable, which often causes low coherence between
image pairs, and thus low quality displacement measure-
ments. This study has demonstrated that these constraints
can be overcome and meaningful data can be obtained. In
addition, the high spatial resolution achievable (typically
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better than 20 m×20 m) allows for detailed patterns in
velocity to be obtained. In the hazard context, such reso-
lution is important in being able to identify differences in
velocities between flow units that, although subtle, can
have a major impact upon the precise location of lake
formation.

The successful measurement of velocities for debris-
covered glaciers by InSAR demonstrates the potential of
the technique for use in future glaciological studies.
Application of the technique to a longer time scale of
interferometric data could enable seasonal patterns in
glacier velocity to be identified rapidly at catchment and
regional scales. Even a single velocity snapshot provides
valuable insight into glacier dynamics with application
to applied hazard studies, where velocities influence
glacier structure with respect to calving/avalanche events
and the location of lakes as demonstrated here.

6. Conclusions

The joint approach of analysing glacier surface
gradients and glacier velocities is a useful ‘first-pass’
predictive tool for the assessment of glaciers that are
vulnerable to lake development at all scales. By auto-
mating the analyses and using rules to limit possible
sources of subjectivity, the efficiency of the techniques
over previous approaches is improved and repetition is
possible at temporal scales (in order to identify rates of
change) and between operators.

Demonstration of the techniques with reference to
glaciers in the Tama Koshi and Dudh Koshi basins in
China (Tibet) and Nepal, identifies a strong correlation
between glacier surface gradients below 2° and the pre-
sence of the larger supraglacial lakes, in accordance with
previous findings by Reynolds (2000). The techniques
developed here have improved upon the spatial resolution
of previous approaches such that lateral variations in
glacier surface elevation and gradient can now be rapidly
identified. These lateral variations are important given that
individual flow units are known to have a bearing on the
process of lake expansion (Richardson and Reynolds,
2000a). Additionally, detail has been added to the
relationship between the surface gradient of a glacier and
its tendency towards lake development, through the novel
application of InSAR techniques to debris-covered glaciers
in central South Asia, which confirms that the precise
location of ponding is also strongly influenced by glacier
velocity, as well as the height of the glacier surface in
relation to the drainage base level of the glacier.

The velocity data reveal that the majority of glaciers
are flowing at rates of a few tens of metres per year in
the upper reaches of their debris-mantled tongues, but
are stagnant or approaching stagnation at their termini.
Similarly, many have their surface gradients close to the
2° threshold and are known to be downwasting such that
their gradients are becoming less steep. The implications
of stagnation and low gradients are for widespread lake
formation and continued wastage of the glaciers in this
region.
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