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Abstract. Glacial lake outburst flood (GLOF) hazards are
often tied to the structural properties of the moraines that
dam glacial lakes. Traditional investigations of moraine dam
structure and degradation involve costly and logistically chal-
lenging in situ geophysical and repeat topographic surveys,
which can only be performed for a small number of sites.
We developed a scalable satellite remote sensing approach
using interferometric synthetic aperture radar (InSAR), In-
SAR coherence, and SAR feature tracking to precisely mea-
sure moraine dam surface displacement and map the extent
of buried ice. We combined time series from ascending and
descending Sentinel-1 orbits to investigate vertical and hor-
izontal surface displacement for the period 2017–2024 with
∼ 12 d temporal sampling.

We applied our approach to quantify degradation of the
Imja Lake moraine dam in the Everest Region of Nepal. We
validated our SAR-based displacement measurements using
3D displacement measurements from very-high-resolution
satellite stereo digital elevation models that span the study
period. We found that a 0.3 km2 area of the moraine dam has
cumulatively subsided ∼ 90 cm over the 7 year study period.
Seasonal change in InSAR coherence provides evidence for
buried ice throughout the moraine dam. We observed con-
sistent downward and eastward displacement throughout the
colder months, which we attribute to ice flow. The magni-
tude of downward vertical surface velocity increases in the
warmer months, likely due to melting of buried ice. Our ob-
servations provide new insights into the timing and magni-
tude of the processes that control moraine dam evolution,
with broader implications for regional GLOF hazard assess-
ment and mitigation.

1 Introduction

Glaciers in High Mountain Asia (HMA), Earth’s largest
glacierized region outside the poles, are expected to lose be-
tween ∼ 29 % and 67 % of their total mass by the end of the
century (Hock et al., 2019; Rounce et al., 2020). Worldwide,
glacier thinning and retreat are associated with an increase
in the formation of glacial lakes (Shugar et al., 2020). These
lakes constitute a significant hazard, as they can drain in sud-
den, catastrophic glacial lake outburst flood (GLOF) events
that flood downstream valleys and can result in loss of life
and damage to infrastructure (Mool et al., 2011; Riaz et al.,
2014; Carrivick and Tweed, 2016). For example, the Septem-
ber 2023 GLOF event in Sikkim, India, destroyed the Teesta
III hydroelectric dam, washed away 15 bridges, stranded
3000 tourists, and left at least 74 dead with more missing
(Ali Badal, 2023; Choudhury and Hussain, 2023; Kumar and
Travelli, 2023; Sebastian, 2023).

Effective management of GLOF hazards involves (1) iden-
tification and monitoring of glacial lakes that pose a signifi-
cant hazard, and (2) mitigation of this hazard before GLOFs
occur, potentially through engineering solutions. The for-
mer has been primarily accomplished through hazard assess-
ments ranging from a single lake (e.g., Rana et al., 2000;
Budhathoki et al., 2010; Wang et al., 2018; Sattar et al.,
2021) to regional scale (e.g., Mool et al., 2011; Wang et al.,
2012; Fujita et al., 2013; Allen et al., 2016; Rounce et al.,
2017). Glacial lakes can be dammed by moraines, bedrock,
and glacier ice (Rick et al., 2022). Where glacial lakes are
dammed by moraines, hazard assessments frequently con-
sider moraine dam stability, the presence of buried ice within
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moraine dams, potential GLOF triggering events, and down-
stream impacts (Rounce et al., 2016). Where moraine dam
instability is not identified as a primary GLOF trigger mech-
anism, melting of buried ice can increase lake area, reduce
dam width and height, and provide potential pathways for
seepage and piping (Richardson an Reynolds, 2000; Emmer
and Cochachin, 2013; Medeu et al., 2022). As such, the evo-
lution of moraine dams may substantially increase GLOF
likelihood.

As glacial lakes, moraine dams, and the surrounding land-
scape change over time (Huggel et al., 2010; Shugar and
Clague, 2011; Kellerer-Pirklbauer et al., 2012; Ravanel et
al., 2018), hazard assessment and mitigation tasks require re-
peated observations (Fujita et al., 2009; Rounce et al., 2017;
Emmer et al., 2018). Satellite remote sensing has been used
to create glacial lake inventories, track glacial lake develop-
ment (e.g., Fujita et al., 2009; Nie et al., 2018; Shugar et al.,
2020), and recently, to monitor glacial lake dam and bank
evolution (Haritashya et al., 2018; Scapozza et al., 2019;
Wangchuk et al., 2022; Yang et al., 2022, 2023; Jiang et al.,
2023; Yu et al., 2024). These remote measurements of sur-
face displacement can be used to assess moraine dam sta-
bility, infer moraine dam structure, and quantify changes in
moraine dam topography, providing critical information for
GLOF hazard assessments and potentially guiding prioritiza-
tion for in situ surveys and hazard mitigation strategies.

Remote sensing of moraine dam degradation

C-band SAR can operate during both day and night, pene-
trate clouds, and penetrate thin, dry snow (Bürgmann et al.,
2000; Sun et al., 2015). Both InSAR and SAR feature track-
ing (in original range–azimuth coordinates) can provide mea-
surements of surface motion in the radar line-of-sight (LOS)
direction.

InSAR relates the phase offset from successive SAR ac-
quisitions to surface displacement, potentially with mm-level
accuracy (Bürgmann et al., 2000; Rosen et al., 2000). InSAR
has frequently been applied to measure displacement of ice-
rich features, including glaciers and ice sheets (Massonnet
and Feigl, 1998; Rosen et al., 2000), rock glaciers (Bertone
et al., 2022), and permafrost (Zhang et al., 2022). Recently,
InSAR has also been applied to quantify surface movement
of glacial lake dams (Scapozza et al., 2019; Yang et al., 2022,
2023; Jiang et al., 2023; Yu et al., 2024).

While InSAR offers unparalleled precision, several factors
can reduce measurement accuracy, including atmospheric
noise, layover, and radar shadow. InSAR requires (1) co-
herent surface change with similar scatterer characteristics
between radar acquisitions, and (2) sufficiently small phase-
change gradients between adjacent pixels to allow reliable
phase unwrapping (Itoh, 1982; Handwerger et al., 2015).
While errors caused by atmospheric conditions and acquisi-
tion geometry can be avoided or corrected, errors caused by
rapid surface change may cause underestimation of true LOS

surface velocity. InSAR coherence, a unitless measure of the
“sameness” of surface scatterers between acquisitions, can be
used to discriminate between reliable and unreliable InSAR
measurements (e.g., Schmidt and Bürgmann, 2003). InSAR
coherence can also be used to identify significant change in
surface characteristics, and low coherence has been used to
map the extent of desert erosion (e.g., Cabré et al., 2020),
landslides (e.g., Ohki et al., 2020; Jacquemart and Tiampo,
2021), flooding (e.g., Chini et al., 2019), and debris-covered
glaciers (e.g., Atwood et al., 2010; Frey et al., 2012; Lippl et
al., 2018).

Feature tracking (pixel offset) techniques offer an alterna-
tive method to retrieve surface displacement measurements
from SAR data when InSAR is not possible due to loss
of coherence or large displacement gradients between adja-
cent pixels. Feature tracking involves 2-D cross-correlation
of backscatter amplitude values in successive radar images
to measure offsets in the range (across-track) and azimuth
(along-track) directions. This technique has been used to
measure glacier surface velocity (e.g., Fahnestock et al.,
1993; Strozzi et al., 2002, 2008; Fahnestock et al., 2016) and
fast-moving features surrounding glacial lakes (Scapozza et
al., 2019; Yang et al., 2022). While feature-tracking mea-
surements offer lower resolution and precision than InSAR
measurements, and measurement quality can be degraded
by large surface changes, they are more robust to large sur-
face displacements and rapid surface change (Joughin, 2002;
Zheng et al., 2023).

Here, we present a method to create a single cumulative
displacement time series from InSAR and feature tracking
measurements using a variation of the small baseline sub-
set approach (SBAS; Berardino et al., 2002; Schmidt and
Bürgmann, 2003). The SBAS approach uses a network of
displacement observations to solve for the displacement of
a given pixel between successive acquisitions. It was devel-
oped for InSAR interferograms (Berardino et al., 2002) and
has subsequently been applied to SAR feature tracking (e.g.,
Casu et al., 2011; Euillades et al., 2016; Guo et al., 2020;
Samsonov et al., 2021) and optical feature tracking offsets
(e.g., Bontemps et al., 2018; Altena et al., 2019; Lacroix
et al., 2019). The SBAS approach, however, has issues dur-
ing periods with poor coherence between successive acquisi-
tions, which can introduce errors in the resulting displace-
ment time series. This limitation has previously been ad-
dressed by constraining the time series inversion using geo-
physical constraints parameterized in time (López-Quiroz et
al., 2009) and spatial covariance (Jolivet and Simons, 2018).
We address this issue by constraining the per-pixel InSAR
time series inversion with additional observations from SAR
feature tracking, which is more robust to decorrelation than
InSAR. Our approach does not require prior assumptions
about the displacement patterns of pixels over time.

Previous studies combined InSAR and feature tracking
to produce self-consistent surface displacement maps over
large ice sheets and ice caps, where surface velocity is often
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too fast for InSAR alone (e.g., Joughin, 2002; Gray et al.,
2005; Liu et al., 2007; Sánchez-Gámez and Navarro, 2017;
Joughin et al., 2018). To our knowledge, no studies have
combined these techniques to measure year-round surface
displacement of ice-cored moraine features, where we ex-
pect seasonal variability in surface melt rates and associated
debris reworking.

2 Imja Lake Study Site

Imja Lake is a ∼ 2.8 km by 0.6 km glacial lake covering
∼ 1.6 km2 in the Everest region of Nepal (Fig. 1). Imja Lake
is impounded on its north and south sides by lateral moraines,
above which rise the steep slopes of adjacent mountain
peaks: Imja Tse to the north and Ombigaichen to the south.
To the east, the ∼ 860 m wide calving front of the Lhotse
Shar and Imja Glaciers terminates in the lake. Imja Lake
formed in the early 1970s as supraglacial lakes coalesced on
the stagnant, debris-covered tongue of Imja Glacier. It ex-
panded at a roughly linear rate of 0.02 km2 yr−1 until 1997,
then at a rate of 0.03 km2 yr−1 from 1997 to 2020 (Watanabe
et al., 2009; Gupta et al., 2023).

To the west, Imja Lake is impounded by an ice-cored ter-
minal moraine covering 0.62 km2. The Imja Lake moraine
dam (hereafter, the moraine dam) has a low-relief, hum-
mocky surface with ridges and furrows, ponds, and ice cliffs,
with a mean elevation of 4982 m (orthometric height above
the EGM2008 geoid). The lake drains across the moraine
via a series of linked ponds. An artificial drainage channel
was constructed downstream of the westmost pond in 2016
(UNDP, 2012; Khadra, 2016). The moraine dam has an en-
closed concave-up surface and broadly slopes down toward
the lake and surface ponds (Fig. S1 in the Supplement). Im-
mediately northwest of the moraine dam is a lobe of the
debris-covered Lhotse Glacier.

Geophysical studies using ground-penetrating radar
(GPR) and electrical resistivity tomography (ERT) have doc-
umented the extent and thickness of buried ice in the moraine
dam, with continuous buried ice tens of meters thick to the
east transitioning to discontinuous blocks of buried ice to the
west (Hambrey et al., 2008; Somos-Valenzuela et al., 2012;
Dahal et al., 2018).

Two studies quantified Imja Lake moraine dam degrada-
tion rates using in situ measurements obtained with tradi-
tional and Global Positioning System (GPS) surveying tech-
niques (Watanabe et al., 1995; Fujita et al., 2009), and one
study measured moraine dam displacement by differenc-
ing the 30 m Shuttle Radar Topographic Mission Global 1
(SRTM-GL1) DEM acquired in February 2000 with a 2 m
WorldView stereo DEM acquired in February 2016 (Hari-
tashya et al., 2018). These studies document meter- to sub-
meter-scale subsidence and horizontal motion over the sur-
face of the moraine dam, with the fastest motion occurring in
the northeastern area.

3 Data

We downloaded all available Copernicus Sentinel-1 C-band
single-look complex (SLC) images collected over the study
site from 1 January 2017 to 1 March 2024. The revisit time
for this period was generally 12 d; we did not include data
before 2017 due to longer gaps between acquisitions. All im-
ages were acquired in interferometric wide (IW) swath mode
with vertical co-polarization (VV) along ascending (satellite
moving north and looking east) relative orbit 12 and descend-
ing (satellite moving south and looking west) relative orbit
121. To minimize download time and storage, we limited
processing to SLC bursts covering our study site, with a to-
tal of 214 ascending bursts (Burst ID 012_023790_IW1) and
227 descending bursts (Burst ID 121_258661_IW2). Burst
dimensions are ∼ 20 km in azimuth (along-track direction)
by∼ 85 km in range (across-track direction), with pixel spac-
ing of 14.1 m in azimuth and 2.3 m in range (Fig. S2 in the
Supplement).

We used the 2022_1 release of the 30 m Copernicus GLO-
30 DEM (European Space Agency, 2021) to remove the to-
pographic component of phase and geocode the SAR data
products. The GLO-30 DEM product has an absolute ver-
tical accuracy (LE90) of < 4 m and an absolute horizontal
accuracy (CE90) of < 6 m (NSSDA, 1998; European Space
Agency, 2022).

We downloaded daily 2 m air temperature and to-
tal precipitation data from the Pyramid Weather Station
(UCAR/NCAR-Earth Observing Laboratory et al., 2011),
which is located ∼ 11 km northwest of the Imja Lake
moraine dam at an elevation of 4951 m, about 30 m lower
than the elevation of the moraine dam. We aggregated avail-
able daily measurements between 1 October 2002 and 31 De-
cember 2009 to derive monthly climatology (mean, mini-
mum, maximum and standard deviation) for the∼ 7 year pe-
riod.

4 Methods

By combining InSAR and feature tracking measurements,
we leverage the strengths of both methods to provide a more
complete record and improved understanding of moraine
dam kinematics. This approach captures large seasonal vari-
ations, including slow cold-season displacement with InSAR
and rapid warm-season surface change with feature track-
ing. However, feature tracking measures the displacement
of discrete kernels of neighboring pixels, so it provides in-
herently lower spatial resolution than per-pixel InSAR dis-
placements (Joughin, 2002). By combining InSAR and fea-
ture tracking measurements, we effectively degrade the spa-
tial resolution of the InSAR measurements in exchange for
improved displacement accuracy. This compromise is essen-
tial for applications involving debris-covered ice, as large
surface change during the warmer months reduces InSAR
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Figure 1. Context maps for the Imja Lake moraine dam. (A) Microsoft satellite basemap showing the area downstream of Imja Lake,
including settlements and infrastructure along the Dudh Koshi river. (B) Color-shaded relief map from median composite of EarthDEM
strips acquired during the 2014–2019 period (Porter et al., 2022). (C) © Microsoft satellite basemap detail of the Imja Lake moraine dam.
Microsoft product screen shots reprinted with permission from Microsoft Corporation.

coherence between Sentinel-1 acquisitions. It is also impor-
tant to note that extreme, rapid and/or highly localized sur-
face change from processes like iceberg calving, backwast-
ing, and fast-moving debris flows will still present challenges
for the combined approach, potentially resulting in underes-
timation of surface deformation. Nonetheless, combining In-
SAR and feature tracking offers improved displacement time
series that are more accurate than those produced indepen-
dently using either method alone.

4.1 SAR data processing

To extract surface displacement information from the
Sentinel-1 SLC products, we generated both interferograms
and feature tracking offsets using the Hybrid Pluggable Pro-
cessing Pipeline (HyP3) ISCE2 Plugin (Hogenson et al.,
2025), which enables batch processing with the Jet Propul-
sion Laboratory InSAR Scientific Computing Environment,
ISCE version 2.6.3 (Rosen et al., 2012; Fig. 2).

We used the insar_tops_burst workflow to process interfer-
ograms with five looks (effectively, a spatial averaging fac-
tor of five) in the range direction and one look in the az-
imuth direction, geocoded to 20 m by 20 m pixels (Figs. S2
and S3 in the Supplement). To form redundant networks of
ascending and descending interferograms, we created inter-
ferograms for each burst acquisition using the three nearest
burst acquisitions in time. In total, we processed 636 ascend-
ing burst interferograms and 675 descending burst interfero-
grams (Table 1).

We selected a local “reference area” and “stable area”
(Fig. 1) as close to the moraine dam as possible, with high

mean InSAR coherence for the entire study period. The
reference area (∼ 0.06 km2, ∼ 144 pixels) was used to re-
move atmospheric noise, while the stable area (∼ 0.03 km2,
∼ 87 pixels) was used to assess derived measurement accu-
racy and precision.

We co-registered all SLCs and performed feature tracking
on the SLC products in radar coordinates at the native reso-
lution using a modified version of the insar_tops_burst work-
flow and the “dense ampcor” ISCE2 feature tracking routine
(Fig. 2). We selected kernel sizes and skip sizes based on the
characteristics of the moraine dam and an empirical sensitiv-
ity analysis. The moraine dam is roughly square (∼ 800 m by
900 m) in ground range. To maximize the number of unique
feature-tracking measurements over the moraine dam that do
not extend beyond its edges, we chose to use kernel sizes and
skip sizes that were roughly square in ground range. Kernels
that span the moraine dam and the surrounding area are likely
to produce poor matches due to intra-kernel variability in the
magnitude and direction of surface displacement.

Smaller kernel sizes will result in poor matching, while
larger kernel sizes will reduce the spatial resolution of the
output feature tracking measurements. We found that a kernel
size of 10 pixels in azimuth and 60 pixels in range (141 m by
138 m in ground range) was the smallest possible square ker-
nel size that provided high-quality matches. We used a skip
size of 4 pixels in azimuth and 20 pixels in range, or 56 m by
46 m in ground range, to minimize interpolation without in-
creasing processing time. Smaller skip sizes substantially in-
creased processing time with negligible improvement, while
larger skip sizes required more interpolation between sparse
measurements. The search window size was set to 10 pixels
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Figure 2. Flowchart illustrating our combined InSAR and feature-tracking approach. The time series inversion schematic is adapted from
Schmidt and Bürgmann (2003). The equation relates the observed phase change (d) from each of n interferograms and a single cumulative
feature tracking displacement product (dft) to the change in phase between acquisitions (m) at a given pixel. The design matrix G describes
the temporal baseline of each pair, with −1 corresponding to the primary acquisition date and 1 corresponding to the secondary acquisition
date. The diagonal weight matrix W includes coherence values. The cumulative phase change time series (c) is prepared from the inversion
results for each pixel.

Table 1. Summary of InSAR and feature tracking datasets.

Orbit Acquisitions Dataset Pair count Mean temporal baseline Temporal baseline range

ascending track 12, 214 InSAR 636 24.3 d 12–48 d
Burst ID 012_023790_IW1 feature tracking 192 4.7 years 4–6 years

descending track 121, 227 InSAR 675 23.0 d 6–60 d
Burst ID 121_258661_IW2 feature tracking 210 4.7 years 4–6 years
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in azimuth and 30 pixels in range, or 141 m by 69 m, which is
much larger than the expected cumulative surface displace-
ment of the moraine dam over the study period.

To estimate the accuracy of our feature tracking measure-
ments, we first calculated the ground-range resolution of the
slant-range SLCs. Following Notti et al. (2010) we computed
the ratio of slant-range resolution to ground-range resolu-
tion (R-index) for the SLCs, considering terrain slope, ter-
rain aspect, and the radar LOS vectors. We used this index
to calculate the SLC resolution in the ground-range direction
(Fig. S4 in the Supplement). Over the moraine dam, the me-
dian ground-range resolution was 4.38 m for the ascending
SLCs and 3.82 m for the descending SLCs. Assuming per-
fect SLC co-registration and a conservative feature-tracking
precision of 0.2 pixels (Fialko et al., 2001; Strozzi et al.,
2002), the theoretical accuracy of our feature tracking mea-
surements is 2.82 m in azimuth, 0.88 m in range for the as-
cending SLCs, and 0.76 m in range for the descending SLCs.
Given the expected mean surface velocity of < 1 myr−1 for
the moraine dam (Fujita et al., 2009), we generated feature
tracking offsets with multi-year temporal baselines to maxi-
mize displacement between acquisitions. As longer temporal
baselines could result in degraded quality due to significant
changes in surface scatterer characteristics, we generated off-
sets for all possible feature tracking image pairs with tempo-
ral baselines of 4, 5, and 6 years (Table 1). In total, we gen-
erated 192 ascending and 210 descending feature tracking
offset maps with corresponding signal-to-noise ratio (SNR)
maps. The expected precision in the range direction for the 4,
5, and 6 year feature tracking offset maps is 0.22, 0.18, and
0.15 myr−1, respectively.

4.2 Time series inversion

Since both InSAR interferograms and the component of
feature-tracking motion in the slant-range direction are mea-
surements of displacement along the radar LOS (Fig. S5 in
the Supplement), these measurements can be combined to
produce more accurate estimates of LOS surface displace-
ment over time. We used the Miami INsar Time-series soft-
ware in PYthon (MintPy) package (Yunjun et al., 2019) to
prepare cumulative LOS displacement time series from all
InSAR and feature tracking observations for each relative or-
bit.

To avoid cumulative displacement errors caused by poor
feature tracking matches, we aggregated the available feature
tracking offset products over time and prepared a single me-
dian velocity product for each relative orbit. These median
velocity products were then used to constrain the cumulative
displacement solution from the network of InSAR interfero-
grams from the same relative orbit (Fig. 2).

Several preprocessing steps were required to produce the
median feature tracking velocity products for each relative
orbit. We first converted all feature tracking offsets in range
from pixels to C-band phase in radians, the same unit as our

interferograms. We then masked all pixels with signal-to-
noise ratio lower than 8 to remove unreliable measurements
(Casu et al., 2011). This threshold was set to minimize the
resulting magnitude of noise in the stable area. Next, we cal-
culated the median surface displacement in range observed
in the reference area and subtracted it from each offset map
to mitigate potential co-registration bias. At this point we di-
vided each feature tracking offset map in range by its tem-
poral baseline and computed a per-pixel median rate for the
entire time series stack, resulting in a single median velocity
product for each relative orbit. We masked any pixels with
less than 10 feature-tracking observations or a mean InSAR
coherence greater than 0.85 during late summer (day of year
220–280, the lowest coherence period), as the InSAR mea-
surements alone should provide accurate displacement time
series for those pixels. We also computed the per-pixel stan-
dard deviation of the feature tracking offset maps to assess
variability due to real changes and measurement error.

Prior to time series inversion, we removed interferograms
with mean coherence less than 0.6 over the moraine dam, un-
less they were required to form a continuous network. This
filter effectively removed interferograms impacted by inter-
mittent snow accumulation, larger (> 200 m) perpendicular
baselines, or large surface change over the temporal base-
line. To convert our per-pixel median feature tracking veloc-
ity (displacement rate) products into a cumulative displace-
ment product analogous to an interferogram for the full 2017
to 2024 study period, we multiplied by the appropriate tem-
poral baseline for the ascending (7.29 years) and descend-
ing (7.36 years) time series. The cumulative feature tracking
displacement product was assigned a uniform coherence of
0.6, which is the minimum allowable mean coherence for
the moraine dam area. The network of per-pixel displace-
ment measurements, including the interferograms and the
∼ 7 year cumulative feature tracking displacement product,
was then inverted using phase variance, a measure of ex-
pected phase noise calculated using coherence (Tough et al.,
1995; Hanssen, 2001), as a weight (Yunjun et al., 2019). As
coherence is used to calculate phase variance, the cumulative
feature tracking displacement product is weighted lower than
interferograms where coherence is greater than 0.6.

Following the time series inversion, we computed and re-
moved the median apparent displacement over the reference
area from the LOS displacement estimate at each time step
to mitigate atmospheric noise. The standard deviation of the
median apparent displacement values over the reference area
was 3.1 cm for the ascending data (n= 214) and 0.5 cm for
the descending data (n= 227). The moraine dam is approx-
imately 900 by 800 m and the reference area is only 250 m
northwest of the moraine dam. Given the expected corre-
lation length scales of several km for atmospheric noise in
mountains (e.g., Bekaert et al., 2015), the apparent displace-
ment in the reference area should be similar to the atmo-
spheric noise over the moraine dam. To evaluate remaining
measurement uncertainty, we first computed the mean appar-
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ent displacement in the stable area at each time step, then
computed the standard deviation of this spatial mean over all
time steps to characterize the magnitude of remaining atmo-
spheric noise. The standard deviation was 0.2 cm for the as-
cending orbit and 0.4 cm for the descending orbit. Finally, we
delineated a “moving area” polygon over the moraine dam
including pixels with mean velocity of∼ 1 cmyr−1 above the
background noise level in the ascending and descending cu-
mulative displacement time series.

4.3 Surface displacement from LOS decomposition

Given two cumulative displacement measurements over the
moraine dam, each with a different LOS from different rela-
tive orbits, we can solve for two components of the 3D sur-
face displacement vector (Wright et al., 2004; Fuhrmann and
Garthwaite, 2019). Since the mean LOS incidence angle at
the site is 35.8° for the ascending burst and 37.8° for the de-
scending burst, and the mean LOS azimuth (defined clock-
wise from north) is 79.3° for the ascending burst and 280.5°
for the descending burst, we chose to solve for the vertical
(up/down) and horizontal (east/west) surface displacement
components. We assume that any north/south displacement
would be negligible when projected into the available LOS
vectors.

The LOS unit vector (l̂) of each pixel can be defined as:

l̂ = cos(γ )sin(θ)n̂+ sin(γ )sin(θ)ê− cos(θ)ẑ , (1)

for ascending (l̂asc) and descending (l̂des) geometry, where
γ is the LOS azimuth angle, θ is the LOS incidence an-
gle defined relative to surface-normal direction, and n̂, ê

and ẑ represent the north, east, and up axes, respectively,
which define the up/down (l̂ud = 0n̂+0ê+1ẑ) and east/west
(l̂ew = 0n̂+ 1ê+ 0ẑ) unit vectors.

If we assume that the observed cumulative ascending
(dasc(t)) and descending (ddes(t)) displacement at time t is
only sensitive to the up/down (dud(t)) and east/west (dew(t))
surface displacement components, we obtain the following
equations:

dasc(t)= dud(t)l̂asc · l̂ud+ dew(t)l̂asc · l̂ew , (2)

ddes(t)= dud(t)l̂des · l̂ud+ dew(t)l̂des · l̂ew , (3)

We can then rearrange these equations to solve for the up/-
down and east/west displacement components:

dud(t)=
ddes(t)l̂asc · l̂ew− dasc(t)l̂des · l̂ew

(l̂asc · l̂ew)(l̂des · l̂ud)− (l̂des · l̂ew)(l̂asc · l̂ud)
, (4)

dew(t)= dud(t)
l̂asc · l̂ud− dasc(t)

l̂asc · l̂ew
, (5)

To accomplish this, we interpolated the descending orbit cu-
mulative displacement time series to match the acquisition
dates of the ascending orbit time series, and then solved for

the vertical and east/west displacement at every pixel at each
ascending acquisition time.

To compute the vertical and east/west surface velocity,
we divided the observed cumulative displacement by the
time between acquisition dates. We aggregated these veloc-
ity component time series to compute the per-pixel monthly
median values over the entire study period.

To identify and map areas of buried ice, we calculated
a winter coherence map using the per-pixel median coher-
ence for all 12 d temporal baseline observations from winter
to early spring (day of year 0–100), and a summer coher-
ence map using the per-pixel median coherence for obser-
vations in late summer (day of year 220–280). We attribute
large observed seasonal decreases in InSAR coherence to
surface changes caused by melting of buried ice during warm
months.

4.4 Preparation of a high-resolution 3D displacement
validation dataset from stereo DEMs

We identified and processed two Maxar WorldView-3 in-
track stereo image pairs spanning the 2017–2024 study pe-
riod, including the 11 February 2016 WorldView-3 stereo
pair (catalog IDs 104001001854B000, 10400100175C2D00)
used by Haritashya et al. (2018), and a new in-track stereo
pair acquired on 30 January 2025 (10400100A0D45D00,
10400100A193EE00). We used the latest version (3.5.0-
alpha) of the Ames Stereo Pipeline (Shean et al., 2016; Beyer
et al., 2018) and the processing settings outlined by Bhushan
and Shean (2021) and Bhushan et al. (2024) to prepare the
corresponding DEMs with 1 m posting.

We co-registered the 30 January 2025 DEM to the
11 February 2016 DEM using the demcoreg (Shean et al.,
2023) implementation of the Nuth and Kääb (2011) algo-
rithm (Fig. S6 in the Supplement). We then corrected residual
in-track “jitter” and cross-track “CCD array geometry” arti-
facts (see Shean et al., 2016) by fitting a Savitzky-Golay filter
(window of 101 px, 2nd-order polynomial basis function) to
the median of elevation difference residuals over static sur-
faces for each row and column (Fig. S7 in the Supplement).

We prepared final cumulative elevation change and ele-
vation change rate maps for the ∼ 9 year period (Fig. 3C).
The final elevation difference residuals over all exposed static
control surfaces used during co-registration had a median of
0.00 m and normalized median absolute deviation (NMAD)
of 0.14 m (< 0.5 px) for the ∼ 9 year period (Fig. S8 in
the Supplement), corresponding to a 1-sigma uncertainty of
∼ 1.6 cmyr−1. The elevation difference residuals over the
stable area used for calibration of the InSAR and feature-
tracking results (see Fig. 1 for context) had a mean bias of
−0.54 cm and a standard deviation of 7.77 cm, correspond-
ing to apparent vertical displacement rates of −0.06 and
0.87 cmyr−1, respectively.

Following co-registration, we created shaded relief maps
for the two DEMs using the “combined” hillshade option
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Figure 3. Long-term (∼ 9 year) east/west, north/south, and vertical surface velocity validation data, calculated from feature tracking of co-
registered 1 m DEM hillshade products and a vertical DEM difference product. These products document the spatial extent and magnitude of
moraine dam surface motion during the study period with enough detail to capture signals associated with ice cliff retreat, downslope flow,
and anthropogenic cut/fill and sediment deposition associated with the October 2016 lowering project (UNDP, 2012; Khadra, 2016). These
products serve as validation for the combined InSAR and SAR feature-tracking time series, which offer detailed temporal evolution of these
processes (Figs. 4 and 5), with reduced spatial resolution.

in the gdaldem utility (Rouault et al., 2024). We digitized
the lake and pond shoreline using the 30 January 2025 or-
thoimages and shaded relief map, and masked the hillshade
products over water. We then used the Ames Stereo Pipeline
correlator to prepare dense horizontal sub-pixel displacement
maps tracking surface motion between the hillshade products
(disp_mgm_corr.py utility of Bhushan and Shean, 2025), fol-
lowing the methods outlined in Bhushan et al. (2024). The fi-
nal horizontal velocity (myr−1) components (Fig. 3A and B)
were calculated based on the 1 m DEM pixel size and the
∼ 9 year time period. To assess the uncertainty of the valida-
tion data, we computed the mean and standard deviation of
the observed east/west (−1.5 cmyr−1, 2.3 cmyr−1, respec-
tively) and north/south (−2.0 cmyr−1, 1.9 cmyr−1, respec-
tively) velocity components over the stable area.

4.5 Validation of combined InSAR and SAR
feature-tracking products

To enable direct comparison of our time series results with
the DEM-derived validation data, we first masked pixels with
a cold-season coherence of < 0.7 (Fig. 4). These areas con-
tain rapid winter displacement caused by backwasting of ice
cliffs, which have large signals in the DEM difference prod-
ucts that we do not expect to capture with Sentinel-1 SAR
observations. We next resampled the 1 m DEM-derived prod-
ucts to match the 20 m grid of the Sentinel-1 SAR obser-
vations using median resampling, then smoothed the DEM-

derived products to match the SAR feature tracking resolu-
tion using a 7 px by 7 px (∼ 140m× 140m) Gaussian ker-
nel. We computed zonal statistics (mean, standard deviation)
for each velocity component (up/down, east/west) over the
moraine dam. We also computed R2 values between the In-
SAR/SAR velocity component and the corresponding DEM-
derived validation velocity component. Finally, we used the
north/south component of DEM-derived velocity to assess
expected bias caused by our up/down and east/west decom-
position (See “LOS Decomposition bias” section in the Sup-
plement for additional details).

4.6 Comparison with InSAR-only and
SAR-feature-tracking-only SBAS time series

We prepared two additional time series from the same
Sentinel-1 SLC products: a standard InSAR-only SBAS time
series and a SAR-feature-tracking-only SBAS time series.
The InSAR-only SBAS time series used the same processing
parameters as described for our combined approach, but did
not include the scaled median velocity product from feature
tracking for the inversion (blue row in Fig. 2 system of equa-
tions). The SAR-feature-tracking-only SBAS time series in-
cluded the same set of 4, 5, and 6 year temporal baseline
pairs from our combined approach (192 ascending and 210
descending), as well as all possible image pairs with a 3 year
temporal baseline (182 ascending and 132 descending), to
ensure that the system was overdetermined (total ascend-
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Figure 4. Imja Lake moraine dam InSAR coherence and air temperature. Mean coherence maps for all 439 12 d pairs of ascending Sentinel-1
SAR images during the colder months (December–May, A) and warmer months (June–November, B). (C) Mean coherence of the moraine
dam moving area in all ascending interferograms. Lines show mean daily maximum, mean, and minimum air temperature for each month
from the nearby Pyramid Weather Station (UCAR/NCAR-Earth Observing Laboratory et al., 2011). The gray line corresponds to 0 °C.
(D) Mean coherence of the stable area for all ascending interferograms. Panels (E)–(H) show corresponding plots for descending pairs.

ing n= 374, descending n= 342). As with the DEM-derived
validation, we computed zonal statistics (mean, standard de-
viation) for each velocity component (up/down, east/west)
for the InSAR-only and SAR-feature-tracking-only SBAS
time series over the moraine dam.

5 Results

5.1 InSAR coherence

We examined the mean InSAR coherence from all pairs on
both the ascending and descending orbits over the Imja Lake
moraine dam during the full 2017–2024 study period (Fig. 4).
The pair temporal baseline strongly controlled InSAR coher-
ence over the moraine dam moving area (Fig. 4C and G),
with shorter temporal baselines (i.e., 12 d) offering higher
mean coherence than longer temporal baselines (i.e., 36–
60 d). Over the stable area, we observed no obvious rela-
tionship between temporal baseline and coherence (Fig. 4D
and H). Descending orbit coherence was on average slightly
higher (mean 0.80) than ascending orbit coherence (0.74)
over the moraine dam moving area for 12 d temporal base-
line interferograms.

We observed a systematic seasonal cycle in InSAR co-
herence values over the moraine dam moving area. Co-
herence remained largely stable from the beginning of the
year until early June. For 12 d temporal baseline interfero-
grams, mean coherence decreased by approximately 0.3 from
June through mid-September. Coherence then increased from
mid-September through mid-November. This seasonal de-
crease in coherence lags about 60 d behind the timing of
positive mean daily maximum temperatures at the nearby
Pyramid Station (Fig. 4C and G). No significant seasonal co-
herence change was observed over the stable area (Fig. 4D
and H).

The decrease in coherence is spatially constrained. Vi-
sual inspection of mean coherence maps from the annual
high-coherence period (December–May) and low-coherence
period (June–November) revealed that coherence decreased
over almost all of the moraine dam moving area (Fig. 4A–D).
Several areas of low coherence in December–May expanded
and displayed a further decrease in coherence during June–
November. Areas of high-coherence in December–May also
displayed a decrease in coherence during June–November.
Low-coherence areas were mostly consistent between as-
cending and descending orbits, with minor discrepancies po-
tentially explained by differences in the LOS and acquisition
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Figure 5. Seasonal change in median coherence offers a proxy to
map the spatial distribution of buried ice.

time (18:00 LT for ascending, 06:00 LT for descending) of
the two relative orbits.

Applying our technique to identify and map areas of
buried ice, we observed a substantial decrease (0.34) in
median coherence over the moraine dam moving area be-
tween the winter–early spring (0.92) and late summer (0.58)
(Fig. 5). There was no measurable decrease over the stable
area.

5.2 Feature-tracking offset maps

The feature-tracking offset maps showed coherent motion
of the moraine dam surface. The spatial mean of the per-
pixel median LOS velocity over the moving area was
+13.6 cmyr−1 for the ascending orbit and +7.8 cmyr−1 for
the descending orbit, with a maximum per-pixel median
LOS velocity of +46.1 cmyr−1 for the ascending orbit and
+29.3 cmyr−1 for the descending orbit (Fig. 6A and B). For
both orbits, higher velocity was observed on the eastern side
of the moving area near the lake shoreline. The mean SNR of
the feature tracking products over the moraine dam moving
area was 11.4 for the ascending orbit and 14.0 for the de-
scending orbit (Fig. 6C and D). The spatial mean of the per-
pixel standard deviation of LOS velocity was 13.7 cmyr−1

for the ascending orbit and 25.9 cmyr−1 for the descending
orbit (Fig. 6E and F). The spatial mean of per-pixel median
LOS velocity over the stable area was 0.7 cmyr−1 for the
ascending track and −0.3 cmyr−1 for the descending track,
though the feature tracking velocity values were ultimately
masked in these areas with high InSAR coherence prior to
inversion (Sect. 4.2). Positive LOS velocities are also ob-
served over the Lhotse Glacier northwest of the moraine dam
(Fig. 6A and B).

Figure 6. Sentinel-1 SAR image feature tracking results for the
full 2017–2024 time series, including all 192 pairs on ascending
(left) and 210 pairs on descending (right) orbits. (A, B) Per-pixel
median feature tracking velocity in the slant-range direction (along
the line-of-sight). Results are masked in areas with high InSAR co-
herence (Fig. 4), where feature tracking products are not used dur-
ing inversion. (C, D) Per-pixel median signal-to-noise (SNR) ratio.
(E, F) Per-pixel standard deviation of the feature tracking veloc-
ity in the range direction. Higher standard deviation values are ob-
served for locations with (1) greater temporal variability, (2) fewer
reliable displacement measurements, and/or (3) larger measurement
error.

5.3 Cumulative displacement time series from
combined InSAR and feature tracking inversion

Most pixels in the moving area showed positive range change
(i.e., movement away from the satellite) over the course of
the study period for both ascending and descending orbits
(Fig. 7A and B). The mean total LOS displacement of the
moraine dam moving area over the 7 year study period was
97.7 cm for the ascending orbit and 50.5 cm for the descend-
ing orbit, with a maximum LOS displacement of 338.6 cm
for the ascending orbit and 207.4 cm for the descending orbit.
The largest displacements were observed on the east side of
the moving area near the lake shore, while limited displace-
ment was observed on the northern, southern, and western
margins of the moving area. While many pixels displayed
constant LOS velocities over time, others showed apparent
seasonal fluctuations (Fig. 7E and F). To assess error caused
by atmospheric noise, we first computed the mean apparent
displacement in the stable area at each time step, then com-
puted the standard deviation over all time steps. These values
were 0.2 cmyr−1 for the ascending orbit and 0.3 cmyr−1 for
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the descending orbit, indicating that our approach for atmo-
spheric noise removal was effective.

After decomposing the LOS displacements into vertical
and east/west displacements, we found that the observed
LOS displacement of the moraine dam is consistent with
downward and eastward motion (Figs. 7 and 8). The mean
total vertical displacement of the moraine dam moving area
over the study period was −93.4 cm, with a maximum to-
tal vertical displacement of −337.0 cm. The mean total east-
ward displacement was 38.3 cm, with a maximum displace-
ment of 174.1 cm. Over the stable area, the mean total ver-
tical and horizontal displacements were 0.7 and 0.8 cm, re-
spectively. While some pixels showed constant velocity over
time, the pixels with the highest velocity displayed more sea-
sonal variability, with increased velocity during the warmer
months (Fig. 7G and H).

The monthly median velocity maps show year-round
movement of the moraine dam with a clear seasonal
cycle. Vertical velocity was lowest (between −8.6 and
−10.1 cmyr−1) between January and April (Fig. 8A and B).
The moraine dam moving area vertical velocity increased
from May to October, when the mean vertical velocity
reached−21.7 cm yr−1 (Fig. 8A and B). The vertical velocity
over the moraine dam moving area decreased in November
and December (Fig. 8A).

From December to May, the mean horizontal velocity of
the moraine dam moving area was 6.0 to 8.3 cmyr−1 to the
east, with limited pixel-to-pixel variability (Fig. 8A and C).
Between June and September, some pixels began to move
westward, and pixel-to-pixel variability increased (Fig. 8A
and C). The mean east/west velocity in the moving area de-
creased from June through September (Fig. 8A and C).

5.4 Validation

Our analysis shows that both the magnitude and direction
of the combined InSAR and feature tracking velocity time
series are consistent with the corresponding DEM-derived
validation components (Fig. 9; Table 2). The mean verti-
cal velocity in the moving area from DEM differencing
was −15.0 cmyr−1. The mean vertical velocity from our
combined InSAR and feature-tracking time series approach
was −13.0 cmyr−1. The InSAR-only SBAS underestimates
both vertical and horizontal velocity (Fig. 9). The feature-
tracking-only SBAS captures velocity magnitude, but fails to
capture short-term variability and contains large errors.

6 Discussion

Our surface displacement and coherence change results can
be used to both infer the primary processes responsible for
moraine dam degradation and to constrain the timing and
magnitude of those processes.

6.1 Ice melt

We interpret the observed seasonal decrease in coherence to
be caused by melting of buried ice and associated debris re-
working. The lag between the onset of air temperatures above
freezing and melt onset (Fig. 4) is likely related to debris
cover insulation. Both the melting of buried ice and debris
reworking will change the moraine surface geometry, alter-
ing the scattering characteristics of the surface and decreas-
ing coherence.

Where the magnitude of the seasonal change in coher-
ence is large (Fig. 5), we assume that buried ice is present.
We find evidence for buried ice over most of the moraine
dam, including areas displaying near-zero surface displace-
ment. This is consistent with previous geophysical survey
results. Hambrey et al. (2008) used both GPR and ERT to
document buried glacier ice tens of meters thick (over 40 m
in places) overlain by up to 20 m of debris along the east-
ern portion of the moraine. Somos-Valenzuela et al. (2012)
found consistent evidence for buried ice throughout 13 GPR
transects across the moraine dam, ranging in bottom depth
from 0–65 m. The deepest ice bottom depths (40–60 m) were
documented on the northeast moraine dam, while shallower
ice bottom depths (20–40 m) were documented around the
southwest margin of the moraine dam, near the outlet. Da-
hal et al. (2018) conducted a dense ERT survey of the area
surrounding the moraine dam outlet to the southwest, find-
ing evidence for discontinuous blocks of glacier ice at depths
varying from 0–20 m. Note that Hambrey et al. (2008) and
Dahal et al. (2018) estimated debris thickness but were not
able to locate the bottom of the debris-covered ice, and thus
presented only a lower bound on ice thickness. Meanwhile
Somos-Valenzuela et al. (2012) presented an ice-bottom
depth, but did not estimate debris thickness, resulting in only
an upper bound on ice thickness. We observe a smaller sea-
sonal change in coherence over the southwest corner of the
dam near the outlet (Fig. 5), which is consistent with the iso-
lated ice deposits mapped by Dahal et al. (2018). The magni-
tude of observed seasonal coherence change is likely also re-
lated to overlying debris thickness, as thicker debris (1) pro-
vides more insulation, suppressing melt, and (2) experiences
less surface change per volume of ice melt at depth.

While other processes could also contribute to decreased
coherence during warmer months, we did not observe loss
of coherence over the stable area during the warmer months
(Fig. 4D and H). This suggests that seasonal melt of massive,
buried ice is primarily responsible for the observed coher-
ence loss over the moraine dam.

The observed spatial variability in seasonal coherence
change may be explained by debris thickness and proximity
to the lake and surface ponds, which can enhance downwast-
ing and backwasting (Johnson, 1971; Driscoll, 1980; Watan-
abe et al., 1995). Low coherence during colder months was
observed in some locations, especially bordering the lake and
surface ponds (Fig. 4A and C). These areas tend to coin-
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Figure 7. Cumulative displacement time series from the combined InSAR and feature tracking inversion. (A–D) Maps showing total cumu-
lative line-of-sight (LOS) displacement of the moraine dam and stable area over the study period for the ascending (A) and descending (B)
orbits, and the decomposed east/west (C) and vertical (D) directions. Colored circles show pixel locations for the 1st, 25th, 75th, and 99th
percentile of cumulative ascending displacement values in the moving area (E–H). Cumulative displacement time series for 50 randomly
selected pixels in the moving area (red lines) and 50 randomly selected pixels in the stable area (grey lines). The black lines show the mean
of all pixels in the moving area. The colored lines show the cumulative displacement time series for the pixels marked with corresponding
colored circles in the maps.

Table 2. Moraine dam velocity components (up/down and east/west) from InSAR-only SBAS, feature-tracking-only SBAS, our combined
InSAR and feature tracking SBAS approach, and the DEM-derived validation data. The R2 values were computed from per-pixel differences
of each approach with the corresponding DEM-derived validation data.

Mean up/down Mean east/west Std up/down Std east/west R2 up/down R2 east/west
velocity velocity velocity velocity velocity velocity

(cmyr−1) (cmyr−1) (cmyr−1) (cmyr−1)

InSAR-only SBAS −3.7 1.8 3.9 3.9 0.63 0.82
Feature-tracking-only SBAS −10.2 2.0 10.6 6.9 0.67 0.35
Combined SBAS −6.7 2.4 9.9 4.6 0.78 0.58
DEM-derived validation −8.0 4.0 10.6 8.1 – –

cide with areas experiencing rapid subsidence in our DEM-
derived validation data (Fig. 3). When air temperatures are
below freezing, these locations potentially experience addi-
tional ice degradation and associated debris reworking due to
melt caused by contact with water and by calving.

Overall, our measured vertical velocity values (Figs. 7
and 8; Table 2) are lower than those documented by ear-
lier studies. Watanabe et al. (1995) measured the position

of five painted boulders in November 1989 and October
1994 and documented cumulative vertical displacements of
−0.3 to −13.5 m with a mean of −4.8 m over the 5 year
period (corresponding to vertical velocity range of −0.06
to −2.70 myr−1 and mean of −1.0 myr−1). Fujita et al.
(2009) performed topographic surveys using a theodolite in
November 2001 and GPS receivers in April 2002 and Oc-
tober 2007. They created digital elevation models (DEMs)
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Figure 8. Aggregated monthly surface velocity of the Imja Lake moraine dam from the combined InSAR and feature tracking inversion for the
2017 to 2024 study period. (A) Histograms showing distribution of median monthly surface velocity values in the moving area. (B, C) Maps
showing vertical and east/west median surface velocity during bimonthly periods. (D) Mean daily air temperature and precipitation for each
month at the nearby Pyramid Weather Station (UCAR/NCAR-Earth Observing Laboratory et al., 2011). Shaded areas show one standard
deviation.

Figure 9. Mean vertical (top) and east/west (bottom) velocity products from InSAR-only SBAS (left), feature-tracking-only SBAS (left
center), our combined InSAR and SAR feature tracking SBAS approach (right center), and the downsampled DEM-derived validation data
(right), with corresponding kernel density plots for the moraine dam moving area. Our combined approach provides the best agreement with
the validation data.
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with 1 m posting for each survey and differenced to estimate
cumulative vertical surface displacement. They report cumu-
lative vertical displacement values for the “left bank” and
“right bank” of −1.63± 1.71 m and −1.97± 1.67 m (mean
±1-sigma), respectively, with a total range of vertical veloc-
ity values over the moraine dam of −0.06 to −1.03 myr−1

for the 6 year period from 2001 to 2007. Haritashya et al.
(2018) measured mean vertical velocity over the moraine
dam between February 2000 and February 2016 of less than
−0.5 myr−1, with a maximum of −1.9 myr−1, and uncer-
tainty of 0.7 myr−1. The disagreement with our measured
vertical velocity values likely results from some combina-
tion of inaccurate and/or incomplete sampling of the moraine
dam surface in previous work, and/or a real decrease in the
moraine dam vertical velocity over time.

During the warmer months, we observed a clear increase
in downward vertical velocity over much of the moraine dam
(Fig. 8A and B), likely associated with melting of buried
ice. The highest downward velocity over the moving area
was observed in October with mean velocity of−21 cmyr−1.
Seasonal increases in velocity were first observed over the
northern margin of the lake and surface ponds, suggesting
earlier seasonal melt in these locations. Small areas of ap-
parent upward displacement at the southern margin of the
lake (Fig. 8B) are likely caused by consistent unwrapping
errors due to low coherence (Fig. 4B and D). East-west
displacement during the warmer months was variable, with
some areas mostly moving east and some areas mostly mov-
ing west (Fig. 8C). This variability in horizontal displace-
ment direction could be caused by the variable topography
of the moraine dam, as the apparent direction of displace-
ment caused by melt of sloped ice surfaces depends on the
surface aspect.

If we extrapolate the observed mean subsidence rates for
the 2017 to 2024 period forward in time and consider the
current moraine dam topography (Figs. 1 and S1), we find
that the northeast area of the moraine dam bordering the lake
edge is most vulnerable to subsidence below the current lake
level. This topographic evolution would result in westward
expansion of Imja Lake, decreasing the width of the moraine
dam.

6.2 Ice flow

During the colder months, we observed widespread down-
ward and eastward displacement of the moraine dam surface,
with a mean velocity within the moving area of −10.5 and
7.3 cmyr−1, respectively (Fig. 8). The high coherence values
over the moraine dam during colder months (Fig. 4) provide
high confidence in these measurements. Assuming that air
temperatures during the colder months were mostly below
freezing (Fig. 4C and G), we do not attribute this displace-
ment to melt of buried ice. While debris settling and frost
creep could potentially explain some component of down-
ward and horizontal motion, they are not expected to cause

displacement of this magnitude on these time scales (Colman
and Pierce, 1986; Bursik, 1991; Hallet and Putkonen, 1994)
and we do not observe similar motion over debris outside the
moraine dam. We instead attribute this motion primarily to
flow of the thick, massive ice within the moraine dam.

Downward and eastward movement is consistent with
along-slope flow for the broad moraine dam surface slopes
(Fig. S1). The mean surface slope of the moving area is 9.5°.
Somos-Valenzuela et al. (2012) found evidence for ice bot-
tom depths between 30 and 60 m over much of the moraine
dam. Assuming debris thickness of less than 1–20 m (Ham-
brey et al., 2008), buried ice in the moraine dam should
have thickness of 10 to 60 m. We generally observe higher
east/west and vertical surface velocity during colder months
over areas with deeper ice bottom depths documented by ear-
lier studies. Near-zero velocity was observed over the south-
west portion of the moraine dam, where Dahal et al. (2018)
observed discontinuous blocks of buried ice. The observed
mean winter velocity magnitude (combining the vertical and
east/west components) of 12.8 cmyr−1 over the moving area
of the moraine dam is consistent with expected surface veloc-
ity values for a simple ice flow model and the range of mea-
sured ice thickness (See Sect. S1 in the Supplement, Fig. S9).

Previous surface displacement measurements also provide
evidence for flow of buried ice within the moraine dam.
Watanabe et al. (1995) described westward movement of sev-
eral boulders along the outlet channel of −0.96 myr−1. Fu-
jita et al. (2009) described horizontal flow rates of less than
0.17 myr−1 in an unspecified direction. These results poten-
tially suggest that at some point before our study period,
the flow direction of the moraine dam evolved from origi-
nal westward, downvalley flow (the original flow direction
of Imja Glacier) to the eastward, upvalley flow (toward Imja
Lake) observed during our 2017–2024 study period.

The observed change in flow direction is likely related to
evolving thickness of lower Imja Glacier through differen-
tial ablation both above and below the lake surface (Kjær
and Krüger, 2001), changing longitudinal stresses associated
with decoupling from the active flowing glacier during re-
treat, and interaction with the expanding lake. We observed
a concave-upward transverse profile (bottom-right panel of
Fig. S10 in the Supplement) for the Imja Lake moraine dam
during our study period. A similar configuration, where the
glacier surface slopes downward from the lateral and ter-
minal moraines toward the centerline, is observed for many
debris-covered glaciers in the Everest region (e.g., Nuptse
Glacier, Fig. S11 in the Supplement). This scenario intro-
duces driving stress toward the glacier centerline (downs-
lope), which is consistent with the observed direction of mo-
tion in our horizontal surface velocity maps. Our detailed dis-
placement time series can potentially be used to constrain ice
and debris evolution models, which are needed to better un-
derstand the evolution of the Imja Lake moraine dam and
implications for changing structural stability.
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6.3 Limitations

While our InSAR and feature tracking results improve our
understanding of the processes responsible for moraine dam
degradation, it is important to discuss some limitations. Un-
derestimation of rapid, localized surface displacement can
partly explain why our maximum vertical velocity over the
moraine dam surface was only −0.47 myr−1 compared to
−1.9 myr−1 from Haritashya et al. (2018). We also see evi-
dence of localized backwasting in our DEM-derived valida-
tion dataset (Fig. 3) that is not captured in our InSAR and
feature-tracking displacement time series (Figs. 7 and 8).

We also acknowledge limitations of the Sentinel-1 acqui-
sition geometry, with only ∼ 10 % of any real north/south
displacement mapped into LOS measurements for this lo-
cation. We combined data from ascending and descending
passes to calculate vertical and east/west displacement com-
ponents, assuming that north/south displacement does not
substantially contribute to the displacement observations. In
fact, some small contribution from north/south displacement
is expected, which potentially introduces a source of er-
ror in our measurements of surface velocity (Brouwer and
Hanssen, 2021). Based on the north/south displacement from
the DEM-derived validation dataset, we expect that our LOS
decomposition could introduce a bias of less than ∼ 4 % in
mean vertical velocity over the moraine dam moving area and
less than ∼ 3 % in mean east/west velocity over the moraine
dam moving area (Sect. S2 in the Supplement, Figs. S12
and S13).

7 Conclusions

We demonstrated that Sentinel-1 InSAR and SAR feature
tracking can be used to measure the displacement of an ice-
cored moraine dam bounding Imja Lake in Nepal. We vali-
dated our measurements using a high-resolution 3D displace-
ment dataset derived from stereo DEMs. By combining In-
SAR and feature tracking measurements, we created a sur-
face displacement time series that is more accurate than those
created using InSAR or feature tracking alone. We found that
a 0.3 km2 area of the moraine dam subsided an average of
∼ 90 cm over the 7 year study period, and the northeastern
area of the moraine dam bordering the lake edge is most vul-
nerable to subsidence below the current lake level.

We observed a systematic seasonal cycle in InSAR coher-
ence values over the moraine dam surface, with a substantial
decrease in coherence occurring about 60 d after mean daily
maximum air temperature increased above 0 °C. We showed
that seasonal changes in InSAR coherence can be used to
map buried ice within the moraine dam, with an observed
spatial distribution that is consistent with previous geophysi-
cal surveys.

Our results suggest that the primary processes contributing
to moraine dam degradation are buried ice melt and ice flow.

Buried ice melt occurs in the warmer months (summer and
fall), causing a seasonal increase in downward vertical ve-
locity and variable horizontal velocity over the surface of the
moraine dam. Ice flow occurs year-round and results mostly
in eastward movement. Our surface velocity measurements,
alongside historical measurements, provide evidence that the
Imja Lake moraine dam is undergoing kinematic changes,
which we attribute to changing ice thickness, past decoupling
from the Imja Glacier, and interaction with Imja Lake.

Collectively, our findings demonstrate the potential for
satellite SAR remote sensing to quantify the evolution of
moraine dam degradation and to provide new information
about moraine dam internal structure. This information may
be valuable when assessing GLOF hazards, performing in
situ investigations, and planning hazard remediation activ-
ities. We are extending this analysis to other high-priority
moraine dams in the region and hope to integrate addi-
tional remote sensing measurements of surface change (e.g.,
NISAR, optical feature tracking) in the future.
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Y., Huss, M., Radić, V., and Slangen, A. B. A.: Glacier-
MIP – A model intercomparison of global-scale glacier mass-
balance models and projections, J. Glaciol., 65, 453–467,
https://doi.org/10.1017/jog.2019.22, 2019.

Hogenson, K., Kristenson, H., Kennedy, J., Johnston, A., Rine,
J., Logan, T., Zhu, J., Williams, F., Herrmann, J., Smale, J.,
and Meyer, F.: Hybrid Pluggable Processing Pipeline (HyP3): A
cloud-native infrastructure for generic processing of SAR data
(v0.12.6), Zenodo, https://doi.org/10.5281/zenodo.17526097,
2025.

Huggel, C., Salzmann, N., Allen, S., Caplan-Auerbach, J., Fischer,
L., Haeberli, W., Larsen, C., Schneider, D., and Wessels, R.: Re-

https://doi.org/10.5194/tc-20-67-2026 The Cryosphere, 20, 67–86, 2026

https://www.reuters.com/world/india/nearly-two-dozen-indian-troops-missing-after-flash-flood-ani-2023-10-04/
https://www.reuters.com/world/india/nearly-two-dozen-indian-troops-missing-after-flash-flood-ani-2023-10-04/
https://www.reuters.com/world/india/nearly-two-dozen-indian-troops-missing-after-flash-flood-ani-2023-10-04/
https://doi.org/10.1016/0033-5894(86)90041-4
https://doi.org/10.3126/jngs.v55i1.22784
https://doi.org/10.1016/0033-5894(80)90005-8
https://doi.org/10.14712/23361980.2014.23
https://doi.org/10.1111/jfr3.12241
https://doi.org/10.1016/j.rse.2016.07.003
https://registry.opendata.aws/copernicus-dem/
https://registry.opendata.aws/copernicus-dem/
https://dataspace.copernicus.eu/sites/default/files/media/files/2024-06/geo1988-copernicusdem-spe-002_producthandbook_i5.0.pdf
https://dataspace.copernicus.eu/sites/default/files/media/files/2024-06/geo1988-copernicusdem-spe-002_producthandbook_i5.0.pdf
https://dataspace.copernicus.eu/sites/default/files/media/files/2024-06/geo1988-copernicusdem-spe-002_producthandbook_i5.0.pdf
https://doi.org/10.1126/science.262.5139.1530
https://doi.org/10.1016/j.rse.2015.11.023
https://doi.org/10.1029/2001GL013174
https://doi.org/10.1016/j.rse.2012.06.020
https://doi.org/10.3390/rs11030241
https://doi.org/10.1088/1748-9326/4/4/045205
https://doi.org/10.5194/nhess-13-1827-2013
https://doi.org/10.1029/2004GL021387
https://doi.org/10.1029/2019JB018945
https://doi.org/10.1007/s11600-023-01124-2
https://doi.org/10.1007/s11600-023-01124-2
https://doi.org/10.1126/science.265.5174.937
https://doi.org/10.1016/j.quascirev.2008.08.010
https://doi.org/10.1016/j.geomorph.2015.06.003
https://doi.org/10.1007/0-306-47633-9
https://doi.org/10.3390/rs10050798
https://doi.org/10.5281/zenodo.17466768
https://doi.org/10.1017/jog.2019.22
https://doi.org/10.5281/zenodo.17526097


84 G. Brencher et al.: Quantifying degradation of the Imja Lake moraine dam

cent and future warm extreme events and high-mountain slope
stability, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci., 368,
2435–2459, https://doi.org/10.1098/rsta.2010.0078, 2010.

Itoh, K.: Analysis of the phase unwrapping algorithm, Appl. Opt.,
21, 2470–2470, https://doi.org/10.1364/AO.21.002470, 1982.

Jacquemart, M. and Tiampo, K.: Leveraging time series analysis of
radar coherence and normalized difference vegetation index ra-
tios to characterize pre-failure activity of the Mud Creek land-
slide, California, Nat. Hazards Earth Syst. Sci., 21, 629–642,
https://doi.org/10.5194/nhess-21-629-2021, 2021.

Jiang, L., Fan, X., Deng, Y., Zou, C., Feng, Z., Djukem, D.
L. W., Wei, T., Dou, X., and Xu, Q.: Combining geo-
physics, remote sensing and numerical simulation to assess
GLOFs: Case study of the Namulacuo Lake in the South-
eastern Tibetan Plateau, Sci. Total Environ., 880, 163262,
https://doi.org/10.1016/j.scitotenv.2023.163262, 2023.

Johnson, P. G.: Ice Cored Moraine Formation and Degra-
dation, Donjek Glacier, Yukon Territory, Canada,
Geogr. Ann. Ser. A Phys. Geogr., 53, 198–202,
https://doi.org/10.1080/04353676.1971.11879845, 1971.

Jolivet, R. and Simons, M.: A multipixel time series analy-
sis method accounting for ground motion, atmospheric noise,
and orbital errors, Geophys. Res. Lett., 45, 1814–1824,
https://doi.org/10.1002/2017GL076533, 2018.

Joughin, I.: Ice-sheet velocity mapping: A combined interferomet-
ric and speckle-tracking approach, Ann. Glaciol., 34, 195–201,
https://doi.org/10.3189/172756402781817978, 2002.

Joughin, I., Smith, B. E., and Howat, I. M.: A com-
plete map of Greenland ice velocity derived from satel-
lite data collected over 20 years, J. Glaciol., 64, 1–11,
https://doi.org/10.1017/jog.2017.73, 2018.

Kellerer-Pirklbauer, A., Lieb, G. K., Avian, M., and Carrivick, J.:
Climate change and rock fall events in high mountain areas: Nu-
merous and extensive rock falls in 2007 at Mittlerer Burgstall,
Central Austria, Geogr. Ann. Ser. A Phys. Geogr., 94, 59–78,
https://doi.org/10.1111/j.1468-0459.2011.00449.x, 2012.

Khadra, N. S.: Nepal drains dangerous Everest lake, BBC, https:
//www.bbc.com/news/world-asia-37797559, last access: 31 Oc-
tober 2016.

Kjær, K. H. and Krüger, J.: The final phase of dead-
ice moraine development: Processes and sediment archi-
tecture, Kötlujökull, Iceland, Sedimentology, 48, 935–952,
https://doi.org/10.1046/j.1365-3091.2001.00402.x, 2001.

Kumar, H. and Travelli, A.: A Calamitous Flood Shows the
Dangers Lurking in Melting Glaciers, The New York
Times, https://www.nytimes.com/2023/10/06/world/asia/
india-flood-sikkim-climate-change.html, last access: 6 October
2023.

Lacroix, P., Araujo, G., Hollingsworth, J., and Taipe, E.: Self-
entrainment motion of a slow-moving landslide inferred from
Landsat-8 time series, J. Geophys. Res.-Earth Surf., 124, 1201–
1216, https://doi.org/10.1029/2018JF004920, 2019.

Lippl, S., Vijay, S., and Braun, M.: Automatic delineation of debris-
covered glaciers using InSAR coherence derived from X-, C- and
L-band radar data: A case study of Yazgyl Glacier, J. Glaciol., 64,
811–821, https://doi.org/10.1017/jog.2018.70, 2018.

Liu, H., Zhao, Z., and Jezek, K. C.: Synergistic fusion of interfero-
metric and speckle-tracking methods for deriving surface veloc-
ity from interferometric SAR data, IEEE Geosci. Remote Sens.

Lett., 4, 102–106, https://doi.org/10.1109/LGRS.2006.885885,
2007.

López-Quiroz, P., Doin, M. P., Tupin, F., Briole, P., and Nico-
las, J. M.: Time series analysis of Mexico City subsidence con-
strained by radar interferometry, J. Appl. Geophys., 69, 1–15,
https://doi.org/10.1016/j.jappgeo.2009.02.006, 2009.

Massonnet, D. and Feigl, K. L.: Radar interferometry and its ap-
plication to changes in the Earth’s surface, Rev. Geophys., 36,
441–500, https://doi.org/10.1029/97RG03139, 1998.

Medeu, A. R., Popov, N. V., Blagovechshenskiy, V. P., Askarova, M.
A., Medeu, A. A., Ranova, S. U., Kamalbekova, A., and Bolch,
T.: Moraine-dammed glacial lakes and threat of glacial debris
flows in South-East Kazakhstan, Earth-Sci. Rev., 229, 103999,
https://doi.org/10.1016/j.earscirev.2022.103999, 2022.

Mool, P. K., Maskey, P. R., Koirala, A., Joshi, S. P., Li-
zong, W., Shrestha, A. B., Eriksson, M., Gurung, B.,
Pokharel, B., Khanal, N. R., Panthi, S., Adhikari, T.,
Kayastha, R. B., Ghimire, P., Thapa, R., Shrestha, B.,
Shrestha, S., and Shrestha, R. B.: Glacial lakes and glacial
lake outburst floods in Nepal, Washington, D. C.: World
Bank Group, https://policycommons.net/artifacts/1516291/
glacial-lakes-and-glacial-lake-outburst-floods-in-nepal/
2192662/ (last access: 9 December 2025), 2011.

Nie, Y., Liu, Q., Wang, J., Zhang, Y., Sheng, Y., and Liu,
S.: An inventory of historical glacial lake outburst floods
in the Himalayas based on remote sensing observations
and geomorphological analysis, Geomorphology, 308, 91–106,
https://doi.org/10.1016/j.geomorph.2018.02.002, 2018.

Notti, D., Davalillo, J. C., Herrera, G., and Mora, O.: Assessment of
the performance of X-band satellite radar data for landslide map-
ping and monitoring: Upper Tena Valley case study, Nat. Hazards
Earth Syst. Sci., 10, 1865–1875, https://doi.org/10.5194/nhess-
10-1865-2010, 2010.

NSSDA: Geospatial positioning accuracy standards part 3: Na-
tional standard for spatial data accuracy (no. FGDC-STD-007.3-
1998), https://www.fgdc.gov/standards/projects/accuracy/part3/
chapter3 (last access: 9 December 2025), 1998.

Nuth, C. and Kääb, A.: Co-registration and bias corrections of satel-
lite elevation data sets for quantifying glacier thickness change,
The Cryosphere, 5, 271–290, https://doi.org/10.5194/tc-5-271-
2011, 2011.

Ohki, M., Abe, T., Tadono, T., and Shimada, M.: Land-
slide detection in mountainous forest areas using polarimetry
and interferometric coherence, Earth Planets Space, 72, 67,
https://doi.org/10.1186/s40623-020-01191-5, 2020.

Porter, C., Howat, I., Husby, E., Noh, M. J., Khuvis, S., Danish,
E., Tomko, K., Gardiner, J., Negrete, A., Yadav, B., Klassen, J.,
Kelleher, C., Cloutier, M., Bakker, J., Enos, J., Arnold, G., Bauer,
G., and Morin, P.: EarthDEM – Strips, Version 1 [data set],
Harvard Dataverse, V1, https://doi.org/10.7910/DVN/LHE9O7,
2022.

Rana, B., Shrestha, A. B., Reynolds, J. M., and Aryal, R.: Hazard
assessment of the Tsho Rolpa Glacier Lake and ongoing, J. Nepal
Geol. Soc., 22, 563–570, 2000.

Ravanel, L., Duvillard, P.-A., Jaboyedoff, M., and Lambiel, C.: Re-
cent evolution of an ice-cored moraine at the Gentianes Pass,
Valais Alps, Switzerland, Land Degrad. Dev., 29, 3693–3708,
https://doi.org/10.1002/ldr.3088, 2018.

The Cryosphere, 20, 67–86, 2026 https://doi.org/10.5194/tc-20-67-2026

https://doi.org/10.1098/rsta.2010.0078
https://doi.org/10.1364/AO.21.002470
https://doi.org/10.5194/nhess-21-629-2021
https://doi.org/10.1016/j.scitotenv.2023.163262
https://doi.org/10.1080/04353676.1971.11879845
https://doi.org/10.1002/2017GL076533
https://doi.org/10.3189/172756402781817978
https://doi.org/10.1017/jog.2017.73
https://doi.org/10.1111/j.1468-0459.2011.00449.x
https://www.bbc.com/news/world-asia-37797559
https://www.bbc.com/news/world-asia-37797559
https://doi.org/10.1046/j.1365-3091.2001.00402.x
https://www.nytimes.com/2023/10/06/world/asia/india-flood-sikkim-climate-change.html
https://www.nytimes.com/2023/10/06/world/asia/india-flood-sikkim-climate-change.html
https://doi.org/10.1029/2018JF004920
https://doi.org/10.1017/jog.2018.70
https://doi.org/10.1109/LGRS.2006.885885
https://doi.org/10.1016/j.jappgeo.2009.02.006
https://doi.org/10.1029/97RG03139
https://doi.org/10.1016/j.earscirev.2022.103999
https://policycommons.net/artifacts/1516291/glacial-lakes-and-glacial-lake-outburst-floods-in-nepal/2192662/
https://policycommons.net/artifacts/1516291/glacial-lakes-and-glacial-lake-outburst-floods-in-nepal/2192662/
https://policycommons.net/artifacts/1516291/glacial-lakes-and-glacial-lake-outburst-floods-in-nepal/2192662/
https://doi.org/10.1016/j.geomorph.2018.02.002
https://doi.org/10.5194/nhess-10-1865-2010
https://doi.org/10.5194/nhess-10-1865-2010
https://www.fgdc.gov/standards/projects/accuracy/part3/chapter3
https://www.fgdc.gov/standards/projects/accuracy/part3/chapter3
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.1186/s40623-020-01191-5
https://doi.org/10.7910/DVN/LHE9O7
https://doi.org/10.1002/ldr.3088


G. Brencher et al.: Quantifying degradation of the Imja Lake moraine dam 85

Riaz, S., Ali, A., and Baig, M. N.: Increasing risk of glacial
lake outburst floods as a consequence of climate change in
the Himalayan region, Jàmbá J. Disaster Risk Stud., 6, 7,
https://doi.org/10.4102/jamba.v6i1.110, 2014.

Richardson, S. D. and Reynolds, J. M.: An overview of
glacial hazards in the Himalayas, Quat. Int., 65–66, 31–47,
https://doi.org/10.1016/S1040-6182(99)00035-X, 2000.

Rick, B., McGrath, D., Armstrong, W., and McCoy, S. W.:
Dam type and lake location characterize ice-marginal lake area
change in Alaska and NW Canada between 1984 and 2019,
The Cryosphere, 16, 297–314, https://doi.org/10.5194/tc-16-
297-2022, 2022.

Rosen, P. A., Gurrola, E., Sacco, G. F., and Zebker, H.: The InSAR
scientific computing environment, EUSAR 2012; 9th European
Conference on Synthetic Aperture Radar, 730–733, http://hdl.
handle.net/2014/43527 (last access: 9 December 2025), 2012.

Rosen, P. A., Hensley, S., Joughin, I. R., Li, F. K., Mad-
sen, S. N., Rodriguez, E., and Goldstein, R. M.: Syn-
thetic aperture radar interferometry, Proc. IEEE, 88, 333–382,
https://doi.org/10.1109/5.838084, 2000.

Rouault, E., Warmerdam, F., Schwehr, K., Kiselev, A., But-
ler, H., Łoskot, M., Szekeres, T., Tourigny, E., Landa,
M., Miara, I., Elliston, B., Chaitanya, K., Plesea, L.,
Morissette, D., Jolma, A., Dawson, N., Baston, D., de
Stigter, C., and Miura, H.: GDAL (v3.9.3) [code], Zenodo,
https://doi.org/10.5281/zenodo.13929593, 2024.

Rounce, D. R., McKinney, D. C., Lala, J. M., Byers, A. C., and
Watson, C. S.: A new remote hazard and risk assessment frame-
work for glacial lakes in the Nepal Himalaya, Hydrol. Earth Syst.
Sci., 20, 3455–3475, https://doi.org/10.5194/hess-20-3455-2016,
2016.

Rounce, D. R., Watson, C. S., and McKinney, D. C.: Identifica-
tion of hazard and risk for glacial lakes in the Nepal Himalaya
using satellite imagery from 2000–2015, Remote Sens., 9, 654,
https://doi.org/10.3390/rs9070654, 2017.

Rounce, D. R., Hock, R., and Shean, D. E.: Glacier mass change in
High Mountain Asia through 2100 using the open-source Python
Glacier Evolution Model (PyGEM), Front. Earth Sci., 7, 331,
https://doi.org/10.3389/feart.2019.00331, 2020.

Samsonov, S., Tiampo, K., and Cassotto, R.: Measuring the state
and temporal evolution of glaciers in Alaska and Yukon us-
ing synthetic-aperture-radar-derived (SAR-derived) 3D time se-
ries of glacier surface flow, The Cryosphere, 15, 4221–4239,
https://doi.org/10.5194/tc-15-4221-2021, 2021.

Sánchez-Gámez, P. and Navarro, F. J.: Glacier surface velocity re-
trieval using D-InSAR and offset tracking techniques applied to
ascending and descending passes of Sentinel-1 data for south-
ern Ellesmere Ice Caps, Canadian Arctic, Remote Sens., 9, 442,
https://doi.org/10.3390/rs9050442, 2017.

Sattar, A., Goswami, A., Kulkarni, A. V., Emmer, A., Har-
itashya, U. K., Allen, S., Frey, H., and Huggel, C.: Fu-
ture glacial lake outburst flood (GLOF) hazard of the South
Lhonak Lake, Sikkim Himalaya, Geomorphology, 388, 107783,
https://doi.org/10.1016/j.geomorph.2021.107783, 2021.

Scapozza, C., Ambrosi, C., Cannata, M., and Strozzi, T.: Glacial
lake outburst flood hazard assessment by satellite Earth observa-
tion in the Himalayas (Chomolhari area, Bhutan), Geogr. Helv.,
74, 125–139, https://doi.org/10.5194/gh-74-125-2019, 2019.

Schmidt, D. A. and Bürgmann, R.: Time-dependent land uplift and
subsidence in the Santa Clara valley, California, from a large in-
terferometric synthetic aperture radar data set, J. Geophys. Res.-
Solid Earth, 108, https://doi.org/10.1029/2002JB002267, 2003.

Sebastian, M.: Sikkim: Race against time to save 102 miss-
ing in India floods, BBC, https://www.bbc.com/news/
business-66997995, last access: 5 October 2023.

Shean, D., Bhushan, S., Lilien, D., Knuth, F., Schwat, E.,
Meyer, J., Sharp, M., and Hu, M.: dshean/demcoreg: v1.1.1
Compatibility and doc improvements (v1.1.1) [code], Zenodo,
https://doi.org/10.5281/zenodo.7730376, 2023.

Shean, D. E., Alexandrov, O., Moratto, Z. M., Smith, B. E.,
Joughin, I. R., Porter, C., and Morin, P.: An automated, open-
source pipeline for mass production of digital elevation models
(DEMs) from very-high-resolution commercial stereo satellite
imagery, ISPRS J. Photogramm. Remote Sens., 116, 101–117,
https://doi.org/10.1016/j.isprsjprs.2016.03.012, 2016.

Shugar, D. H. and Clague, J. J.: The sedimentology and
geomorphology of rock avalanche deposits on glaciers,
Sedimentology, 58, 1762–1783, https://doi.org/10.1111/j.1365-
3091.2011.01238.x, 2011.

Shugar, D. H., Burr, A., Haritashya, U. K., Kargel, J. S., Watson, C.
S., Kennedy, M. C., Bevington, A. R., Betts, R. A., Harrison, S.,
and Strattman, K.: Rapid worldwide growth of glacial lakes since
1990, Nat. Clim. Change, 10, https://doi.org/10.1038/s41558-
020-0855-4, 2020.

Somos-Valenzuela, M., McKinney, D. C., Byers, A. C., Voss, K.,
Moss, J., and McKinney, J. C.: Ground penetrating radar sur-
vey for risk reduction at Imja Lake, Nepal, Center for Research
in Water Resources, University of Texas at Austin, http://hdl.
handle.net/2152/19751 (last access: 9 December 2025), 2012.

Strozzi, T., Luckman, A., Murray, T., Wegmuller, U., and Werner,
C. L.: Glacier motion estimation using SAR offset-tracking pro-
cedures, IEEE Trans. Geosci. Remote Sens., 40, 2384–2391,
https://doi.org/10.1109/TGRS.2002.805079, 2002.

Strozzi, T., Kouraev, A., Wiesmann, A., Wegmüller, U., Sharov, A.,
and Werner, C.: Estimation of Arctic glacier motion with satel-
lite L-band SAR data, Remote Sens. Environ., 112, 636–645,
https://doi.org/10.1016/j.rse.2007.06.007, 2008.

Sun, S., Che, T., Wang, J., Li, H., Hao, X., Wang, Z., and Wang,
J.: Estimation and Analysis of Snow Water Equivalents Based
on C-Band SAR Data and Field Measurements, Arct. Antarct.
Alp. Res., 47, 313–326, https://doi.org/10.1657/AAAR00C-13-
135, 2015.

Tough, J. A., Blacknell, D., and Quegan, S.: A statistical descrip-
tion of polarimetric and interferometric synthetic aperture radar
data, Proc. R. Soc. Lond. A Math. Phys. Sci., 449, 567–589,
https://doi.org/10.1098/rspa.1995.0059, 1995.

UCAR/NCAR-Earth Observing Laboratory, Vuillermoz, E., Tar-
tari, G., Bertolani, L., and Ueno, K.: CEOP_AP: Himalayas Sur-
face Meteorology and Radiation Data Set, Version 1.0 (1.0, p. 6
data files, 36 ancillary/documentation files, 189 MiB) [NetCDF:
Network Common Data Form for CEOP (application/x-netcdf),
CEOP/EOP-3 Surface Meteorology and Radiation (ASCII)],
https://doi.org/10.26023/ZZHE-8SAB-040R, 2011.

UNDP: Community Based Flood and Glacial Lake Outburst Risk
Reduction Project [Project Document], https://www.undp.org/
sites/g/files/zskgke326/files/migration/np/aa21b4ccde4230b2b

https://doi.org/10.5194/tc-20-67-2026 The Cryosphere, 20, 67–86, 2026

https://doi.org/10.4102/jamba.v6i1.110
https://doi.org/10.1016/S1040-6182(99)00035-X
https://doi.org/10.5194/tc-16-297-2022
https://doi.org/10.5194/tc-16-297-2022
http://hdl.handle.net/2014/43527
http://hdl.handle.net/2014/43527
https://doi.org/10.1109/5.838084
https://doi.org/10.5281/zenodo.13929593
https://doi.org/10.5194/hess-20-3455-2016
https://doi.org/10.3390/rs9070654
https://doi.org/10.3389/feart.2019.00331
https://doi.org/10.5194/tc-15-4221-2021
https://doi.org/10.3390/rs9050442
https://doi.org/10.1016/j.geomorph.2021.107783
https://doi.org/10.5194/gh-74-125-2019
https://doi.org/10.1029/2002JB002267
https://www.bbc.com/news/business-66997995
https://www.bbc.com/news/business-66997995
https://doi.org/10.5281/zenodo.7730376
https://doi.org/10.1016/j.isprsjprs.2016.03.012
https://doi.org/10.1111/j.1365-3091.2011.01238.x
https://doi.org/10.1111/j.1365-3091.2011.01238.x
https://doi.org/10.1038/s41558-020-0855-4
https://doi.org/10.1038/s41558-020-0855-4
http://hdl.handle.net/2152/19751
http://hdl.handle.net/2152/19751
https://doi.org/10.1109/TGRS.2002.805079
https://doi.org/10.1016/j.rse.2007.06.007
https://doi.org/10.1657/AAAR00C-13-135
https://doi.org/10.1657/AAAR00C-13-135
https://doi.org/10.1098/rspa.1995.0059
https://doi.org/10.26023/ZZHE-8SAB-040R
https://www.undp.org/sites/g/files/zskgke326/files/migration/np/aa21b4ccde4230b2b26dda751438572149d185892d482a1cf417b3a1737ce05a.pdf
https://www.undp.org/sites/g/files/zskgke326/files/migration/np/aa21b4ccde4230b2b26dda751438572149d185892d482a1cf417b3a1737ce05a.pdf


86 G. Brencher et al.: Quantifying degradation of the Imja Lake moraine dam

26dda751438572149d185892d482a1cf417b3a1737ce05a.pdf
(last access: 9 December 2025), 2012.

Wang, W., Gao, Y., Iribarren Anacona, P., Lei, Y., Xi-
ang, Y., Zhang, G., Li, S., and Lu, A.: Integrated haz-
ard assessment of Cirenmaco glacial lake in Zhangzangbo
valley, Central Himalayas, Geomorphology, 306, 292–305,
https://doi.org/10.1016/j.geomorph.2015.08.013, 2018.

Wang, X., Liu, S., Ding, Y., Guo, W., Jiang, Z., Lin, J., and
Han, Y.: An approach for estimating the breach probabilities of
moraine-dammed lakes in the Chinese Himalayas using remote-
sensing data, Nat. Hazards Earth Syst. Sci., 12, 3109–3122,
https://doi.org/10.5194/nhess-12-3109-2012, 2012.

Wangchuk, S., Bolch, T., and Robson, B. A.: Monitoring
glacial lake outburst flood susceptibility using Sentinel-
1 SAR data, Google Earth Engine, and persistent scat-
terer interferometry, Remote Sens. Environ., 271, 112910,
https://doi.org/10.1016/j.rse.2022.112910, 2022.

Watanabe, T., Kameyama, S., and Sato, T.: Imja Glacier dead-
ice melt rates and changes in a supra-glacial lake, 1989–1994,
Khumbu Himal, Nepal: Danger of lake drainage, Mt. Res. Dev.,
15, 293–300, https://doi.org/10.2307/3673805, 1995.

Watanabe, T., Lamsal, D., and Ives, J. D.: Evaluating the
growth characteristics of a glacial lake and its degree
of danger of outburst flooding: Imja Glacier, Khumbu
Himal, Nepal, Nor. Geogr. Tidsskr., 63, 255–267,
https://doi.org/10.1080/00291950903368367, 2009.

Wright, T. J., Parsons, B. E., and Lu, Z.: Toward mapping surface
deformation in three dimensions using InSAR, Geophys. Res.
Lett., 31, https://doi.org/10.1029/2003GL018827, 2004.

Yang, L., Lu, Z., Zhao, C., Kim, J., Yang, C., Wang, B., Liu, X.,
and Wang, Z.: Analyzing the triggering factors of glacial lake
outburst floods with SAR and optical images: a case study in
Jinweng Co, Tibet, China, Landslides, 19, 855–864, 2022.

Yang, L., Lu, Z., Ouyang, C., Zhao, C., Hu, X., and Zhang, Q.:
Glacial lake outburst flood monitoring and modeling through in-
tegrating multiple remote sensing methods and HEC-RAS, Re-
mote Sens., 15, 5327, https://doi.org/10.3390/rs15225327, 2023.

Yu, Y., Li, B., Li, Y., and Jiang, W.: Retrospective analysis of glacial
lake outburst flood (GLOF) using AI Earth InSAR and optical
images: A case study of South Lhonak Lake, Sikkim, Remote
Sens., 16, 2307, https://doi.org/10.3390/rs16132307, 2024.

Yunjun, Z., Fattahi, H., and Amelung, F.: Small baseline
InSAR time series analysis: Unwrapping error correc-
tion and noise reduction, Comput. Geosci., 133, 104331,
https://doi.org/10.1016/j.cageo.2019.104331, 2019.

Zhang, Z., Lin, H., Wang, M., Liu, X., Chen, Q., Wang, C., and
Zhang, H.: A review of satellite synthetic aperture radar interfer-
ometry applications in permafrost regions: Current status, chal-
lenges, and trends, IEEE Geosci. Remote Sens. Mag., 10, 93–
114, https://doi.org/10.1109/MGRS.2022.3170350, 2022.

Zheng, W., Bhushan, S., Van Wyk De Vries, M., Kochtitzky, W.,
Shean, D., Copland, L., Dow, C., Jones-Ivey, R., and Pérez, F.:
GLAcier Feature Tracking testkit (GLAFT): a statistically and
physically based framework for evaluating glacier velocity prod-
ucts derived from optical satellite image feature tracking, The
Cryosphere, 17, 4063–4078, https://doi.org/10.5194/tc-17-4063-
2023, 2023.

The Cryosphere, 20, 67–86, 2026 https://doi.org/10.5194/tc-20-67-2026

https://www.undp.org/sites/g/files/zskgke326/files/migration/np/aa21b4ccde4230b2b26dda751438572149d185892d482a1cf417b3a1737ce05a.pdf
https://doi.org/10.1016/j.geomorph.2015.08.013
https://doi.org/10.5194/nhess-12-3109-2012
https://doi.org/10.1016/j.rse.2022.112910
https://doi.org/10.2307/3673805
https://doi.org/10.1080/00291950903368367
https://doi.org/10.1029/2003GL018827
https://doi.org/10.3390/rs15225327
https://doi.org/10.3390/rs16132307
https://doi.org/10.1016/j.cageo.2019.104331
https://doi.org/10.1109/MGRS.2022.3170350
https://doi.org/10.5194/tc-17-4063-2023
https://doi.org/10.5194/tc-17-4063-2023

	Abstract
	Introduction
	Imja Lake Study Site
	Data
	Methods
	SAR data processing
	Time series inversion
	Surface displacement from LOS decomposition
	Preparation of a high-resolution 3D displacement validation dataset from stereo DEMs
	Validation of combined InSAR and SAR feature-tracking products
	Comparison with InSAR-only and SAR-feature-tracking-only SBAS time series

	Results
	InSAR coherence
	Feature-tracking offset maps
	Cumulative displacement time series from combined InSAR and feature tracking inversion
	Validation

	Discussion
	Ice melt
	Ice flow
	Limitations

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

