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Abstract: The Himalayan belt, formed due to the Cenozoic convergence between the
Eurasian and Indian craton, acts as a storehouse of large amounts of strain, resulting in
large earthquakes from the Western to the Eastern Himalayas. Glaciers also occur over a
major portion of the high-altitude Himalayan region. The impact of earthquakes can be
easily studied in the plains and plateaus with the help of well-distributed seismogram net-
works and these regions’ accessibility is helpful for field- and lab-based studies. However,
earthquakes triggered close to high-altitude Himalayan glaciers are tough to investigate for
the impact over glaciers and glacial deposits. In this study, we attempt to understand the
impact of earthquakes on and around Himalayan glaciers in terms of vertical displacement
and coherence change using space-borne synthetic aperture radar (SAR). Eight earthquake
events of various magnitudes and hypocenter depths occurring in the vicinity of Himalayan
glacial bodies were studied using C-band Sentinell-A /B SAR data. Differential interfer-
ometric SAR (DInSAR) analysis is applied to capture deformation of the glacial surface
potentially related to earthquake occurrence. Glacial displacement varies from —38.9 mm
to —5.4 mm for the 2020 Tibet earthquake (M, 5.7) and the 2021 Nepal earthquake (M, 4.1).
However, small glacial and ground patches processed separately for vertical displacements
reveal that the glacial mass shows much greater seismic displacement than the ground
surface. This indicates the possibility of the presence of potential site-specific seismicity
amplification properties within glacial bodies. A reduction in co-seismic coherence around
the glaciers is observed in some cases, indicative of possible changes in the glacial moraine
deposits and/or vegetation cover. The effect of two different seismic events (the 2020 and
2021 Nepal earthquakes) with different hypocenter depths but with the same magnitude at
almost equal distances from the glaciers is assessed; a shallow earthquake is observed to
result in a larger impact on glacial bodies in terms of vertical displacement. Earthquakes
may induce glacial hazards such as glacial surging, ice avalanches, and the failure of
moraine-/ice-dammed glacial lakes. This research may be able to play a possible role in
identifying areas at risk and provide valuable insights for the planning and implementation
of measures for disaster risk reduction.
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1. Introduction

Glaciers are the perennial storehouse of freshwater in high altitudes/low latitudes.
Apart from the polar cryosphere, the Himalayan cryosphere has the largest glacial coverage,
accounting for an area of ~33,000 km? [1]. Glaciers behave differently in different seasons,
and glacier dynamics (flow velocities) vary seasonally due to enhanced melting rates
in the ablation period and reduced melting in the accumulation period [2-5]. Glacial
dynamics also include surface mobility, glacial facies, and changes in the areal extent and
elevation profile, and spaceborne/airborne remote sensing techniques have been studied
extensively [6-11]. Glaciological investigations conducted using field-based and satellite-
driven studies have shown that the Himalayan glaciers behave in synchronization with
various meteorological parameters such as temperature and precipitation, resulting in
retreat and negative mass balance [12-16]. These glaciers are located in the Eastern and
Western Himalayas’ challenging, inaccessible, and seismically prone areas.

Earthquake impact assessment is a crucial task conducted after seismic events. The
most common approach for determining earthquake magnitude and aftereffects is the
analysis of ground-based seismometer datasets. However, due to their limited deployment
in high-altitude glaciated regions, it is difficult to study certain earthquake events that
occur close to those glacial bodies. Therefore, several geophysicists and seismologists have
supplemented ground-based methods with geodetic and satellite remote sensing-based
approaches [17].

The routine assessment of damage and continuous monitoring through the synoptic
acquisition of data and analysis is essential in the study of natural hazards, particularly
earthquakes in the remote glaciated regions of Himalayan ranges which are sudden, un-
predictable, and are capable of activating other hazards such as avalanches, glacial lake
outburst floods, and landslides. Therefore, extensive monitoring at high temporal and
spatial resolution is essential, using techniques such as differential global positioning sys-
tems (DGPSs), photogrammetry, and optical remote sensing. Radar technology, due to
its cloud penetrating capacity, is advantageous for all-weather glaciological monitoring
and proves to be more suited for studying the rugged and valley-adorned terrain of moun-
tainous regions such as the Himalayas [18,19]. Radar interferometry has been an effective
technique in the study of the Himalayan cryosphere and in the study of associated natural
hazards such as avalanches [20,21], slope failures [22], glacial lake outburst floods [23-25],
landslides [26-28], and earthquakes [29-31]. The pros and cons of these microwave bands
are derived from the sensor wavelength. The shorter the wavelength, the better the spatial
resolution, whereas the longer the wavelength, the better the surface penetration [32,33].

There are various techniques in microwave remote sensing to measure glacial sur-
face velocity, such as SAR interferometry [7], multiple aperture interferometry (MAI) [34],
and offset tracking [19]. For tracking glacial surface displacement in time, DINSAR is an
important technique, provided there exist short temporal and geometrical baselines [31].
DInSAR is a very effective method for analyzing surface deformations due to subsidence,
landslides, earthquake-triggered slope failures, glacial velocity, and other natural haz-
ards [35-40]. For the Himalayan glaciers, offset tracking and DInSAR are the most common
and widely used techniques [41—44]. In earthquake research, DINSAR has been used to
estimate the co-seismic deformation field [45,46]. In recent times, DINSAR has become a
preferred technique for deriving the precise surface deformation of glaciers on a temporal
basis [47,48].

In this paper, we study the impact of seismic events on and around glacial bodies
situated in different parts of the Himalayan region using DInSAR. Various earthquakes of
different magnitudes and hypocenter depths that occurred in close proximity to glacial
bodies were investigated for seismic deformation. The main contributions are as follows:
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e  The detection of seismic deformation in glacial bodies using DInSAR.
e  The increased deformation in glacial bodies over that of the ground surface was noted,
suggesting the potential seismic amplification properties of glaciers.

The remainder of the presented work is organized as follows: Section 2 provides
details of the study area. Section 3 outlines the datasets and methods adopted in the study.
Sections 4 and 5 present the results and discussion, respectively. Section 6 presents the
conclusion.

2. Study Area

The collision between the Indian and Eurasian plates during the Cenozoic period
resulted in the formation of two major orogenic features, the Tibetan plateau and the
Himalaya-Hindu Kush mountains [49]. The Himalayan orogeny falls into the category of
being an active orogenic belt with geological and geomorphic structures of the Quaternary-
Holocene age [50]. Three principal thrusts, namely the main central thrust (MCT) [51], the
main boundary thrust (MBT) [52], and the Himalayan frontal thrust (HFT) [53], developed
progressively in the early Miocene, late Miocene, and Quaternary periods, respectively.
The Himalayan arc and its contiguous emergent structures are seismically active and have
resulted in very large seismic events in the recent past, including devastating earthquakes
such as the 1897 Shillong (M, 8.1), the 1905 Kangra (M, 7.8), the 1934 Bihar—Nepal (M
8.2), and the 1950 Assam (M, 8.6) earthquakes. In the present study, we are investigating
glacial deformation potentially caused by earthquake activity. Eight earthquake events
of different magnitudes, hypocenter depths, and epicenter locations that have occurred
in the recent past and are close to the Himalayan glacial bodies are considered here, as
shown in Figure 1 and Table 1. We performed DInSAR analysis of two other events, the
2023 Nepal earthquake and the 2024 China earthquake, but in these cases, while solid
earth deformation was identified, no deformations of local glaciers were observed in the
resulting interferograms [54].

Table 1. Details of earthquake events in this study.

Seismic

Date/UTC Epicenter . Hypocenter
Events Time Location Magnitude Depth (km)
(Mw)
Tibet 20 March 28.590°N 57 10
Earthquake 2020/01:33:15 87.308°E '
Leh 25 September 34.249°N 53 10
Earthquake 2020/10:57:13 78.206°E '
Thang 6 December 35.724°N 50 743
Earthquake 2017/23:29:03 77.562°E ' '
Joshimath 23 May 30.876°N 45 10
Earthquake 2021/19:01:39 79.271°E '
Sikkim 17 June 27.420°N a4 498
Earthquake 2018/15:07:37 88.474°E ' '
Sikkim 16 May 27.327°N 40 10
Earthquake 2017/22:13:19 88.171°E '
Nepal 8 November 27.730°N 41 10
Earthquake 2020/21:44:14 87.771°E '
Nepal 11 January 28.028°N i1 35

Earthquake 2021/13:59:49 87.789°E
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Figure 1. Study area map showing (A) world map with geographical boundary of India, tectonic
plate boundaries, and (B) the Himalayan glaciers, tectonic lineaments, Indian-Eurasian plate bound-
aries, and selected earthquake epicenters (sources: Esri, HERE, Garmin International, and others as
mentioned on the map).

3. Data and Methods
3.1. Data

Sentinel-1A /B SAR datasets were used in this study. Developed by the European
Space Agency (ESA), Sentinel-1A /B is a dual satellite configuration that acquires data in the
microwave C-band (A: 5.6 cm, f: 5.405 GHz) [55]. Both satellites lie in the same orbit plane
with a combined and individual temporal resolution of 6 and 12 days, respectively. Several
data formats are provided by Sentinel-1A /B, including Level-1 Ground Range Detection
(GRD), Level-2 Ocean (OCN), and Level-0 and Level-1 Single Look Complex (SLC). It also
has various modes of operation, namely Wave (WV), Strip Map (SM), Extra Wide Swath
(EW), and Interferometric Wide Swath (IW) modes. The IW mode captures data in a 250 km
swath with a spatial resolution of approximately 5 m x 20 m [56]. In this study, we used
pre- and co-seismic pairs of SLC datasets, as shown in Table 2. Sentinel-2 Level-1C (L1C)
multispectral instrument (MSI) data from the Nepal earthquake region on 17 January 2021
was also used to observe the vegetation coverage through a false-color-composite (FCC)
image. Here, green (543-578 nm) and red (658-680 nm) bands at 10 m and the near-infrared
(785-899 nm) band at a 20 m resolution have been used to generate a false-color-composite
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(FCC) image of the zone of study. The boundary of the Himalayan glacial bodies has been
adopted from the Randolph glacial inventory, RGI 6.0 [57].

Table 2. Sentinel-1A /B C-band SLC images used in this study.

Sentinel 1 SLC Datasets

Pre-Earthquake Co-Earthquake

Year-Earthquake Datasets Datasets Sﬁlizlxal:/ll:l)l?]‘i;ht Frame/Path  Polarization
Primary Secondary Primary Secondary Direction

éfrztg;zite 04-03-2020 16-03-2020 16-03-2020 2803200 /Deslzgl ging  496/121 VV+VH
Eza(r)tzl?qfﬁe 07-09-2020 19-09-2020 19-09-2020 01102020 /DeSIZZ; ging  476/136 VV+VH
églrfhflﬂjﬁ 15-11-2017 27-11-2017 27-11-2017 0912207 - ging 112129 VV+VH

20%2‘332‘;21‘?}‘ 06-05-2021 18-05-2021 18052021 0052021, /Di‘s/i;n ding  487/63 VV+VH
%é):rihséﬁif 30-05-2018 11-06-2018 11-06-2018 2B-062018 /Dei‘c’z;l fing 84/12 VV4VH
?jﬁfgﬁﬁﬁ 02-05-2017 14-05-2017 14-05-2017 26052017 /Deiz\e’;l fing 499/48 VV4VH
123253}\1;15512 25-10-2020 06-11-2020 06-11-2020 18112020 /Dei‘c"; ting 499/48 VV4VH
égfghl:fffé 24-12-2020 05-01-2021 05-01-2021 17012021 /Dei"e’; fing 499/48 VV4VH

3.2. Seismic Events and Interferometric Pair Selection

The Himalayan region has experienced a large number of earthquakes of different
magnitudes and hypocenter depths distributed from west to east. However, the primary
goal of this study is to understand the impact of earthquake events on glacial deformation.
Therefore, earthquakes based on the magnitude range from My, 5.7 to My, 4.1 with varying
hypocenter depths have been selected close to Himalayan glaciers at various locations.

Seismic DINSAR studies rely on selecting optimal SLC data pairs to obtain a good-
quality co-seismic deformation field. Since the analysis is based on understanding the
seismic deformation of Himalayan glaciers, interferometric pairs have been selected to
capture a complete seismic signal based on the following: (a) the SLC products should
provide the best possible areal coverage within the influence area of an earthquake; (b) the
shortest possible temporal baseline; and (c) the earliest post-seismic acquisition; (d) the
maximum possible areal coverage around the epicenter location.

These criteria helped minimize decoherence, as the shortest temporal baseline ensures
high coherence, especially while investigating low-latitude regions and minimizing the
effect of ongoing glacial deformation after the earthquake. The influence area for each
earthquake event has been determined using USGS shake maps (https://earthquake.usgs.
gov/data/shakemap/). For the earthquake events devoid of shake maps, the influence area
has been determined from the shake maps of other earthquakes with similar magnitude
and hypocenter depths.

3.3. Vertical Displacement

SAR systems such as Sentinel-1A /B are active radar systems operating in the mi-
crowave spectrum, transmitting and receiving pulses from the Earth’s surface [58]. The
processing begins with identifying the primary and secondary images for DInNSAR analysis,
as shown in Figure 2. This involves obtaining pre-seismic SLC data as the primary file
and the co-seismic data as the secondary file, respectively. The orbit state vectors were
improved using precise orbit information, followed by the co-registration of primary and
secondary images for the same sub-swath using 30 m Shuttle Radar Topography Mission
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(SRTM) digital elevation model (DEM) [59]. Enhanced spectral diversity (ESD) was used to
determine the constant azimuth offset [60].

Pre-Seismic Pair

Co-Seismic Pair

Primary SLC Secondary SLC
Data Data
1

Atmospheric
Correction

.......................

Ground/Glacial
Vertical Deformation

Primary
ZTD Data

L S ——

|  Zenith Path |
| Delay Difference

A
1

- Goldstein Phase Filtering
! ¥

] 3

Range-Doppler Terrain Correction

Figure 2. Process diagram for estimating atmospherically corrected vertical displacement and
coherence of ground and glaciers.

Interferograms were generated through standard methods based on phase differences
in data pairs. A deburst algorithm was used to integrate the interferogram into a single sub-
swath product [60]. This is followed by topographic phase removal for phase flattening [61].
Goldstein phase filtering was applied to increase the signal-to-noise (SNR) ratio, thus
improving the unwrapping process [62]. The flattened interferogram delivers an ambiguous
estimation of the relative terrain altitude within 27t cycles of the interferometric phase. In
the field of radar interferometry, the principal observation is the relative phase signal in
line-of-site (LOS), depicted as the 27t modulus of the absolute phase signal [29].

Phase unwrapping is the process of adding the appropriate integer multiple of 27 to
flattened interferometric fringes to produce the absolute interferometric phase information
from its wrapped product lying in the range of — to +7 (ESA, 2016). Here, the phase
unwrapping of the generated filtered interferogram has been performed in the statistical
cost and network flow algorithm for phase unwrapping (SNAPHU) [63]. All the other
processing steps have been carried out in SNAP software. Orthorectification (geocoding)
of the unwrapped phase was performed using range-Doppler terrain correction [64]. Fi-
nally, the vertical displacement from the unwrapped phase has been derived using the
following equation:
¢unwruppedASAR

—47tcos 8;,

@

Zyertical =

where ¢unwrapped Tepresents an unwrapped phase interferogram, Asar is the C-band wave-
length of the Sentinel-1 SAR instrument (57 mm), and 0j, is the incident angle [65]. Division
by the cosine of the incidence angle converts the line-of-sight (LOS) displacement to vertical
displacement. Asar of Sentinel-1 data is 5.56 cm and is affected by atmospheric delay,
which can be corrected using zenith total delay (ZTD) maps from the generic atmospheric
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correction online service for INSAR (GACOS) [66-69]. The difference in ZTD maps ob-
tained for the primary and secondary datasets are deducted from the unwrapped phase to
obtain the atmospherically corrected unwrapped phase, which is further used to derive
vertical displacement.

4. Results
4.1. 2020 Tibet Earthquake, My, 5.7

For the purpose of detecting surface deformation from an earthquake event of suf-
ficiently high magnitude (M > 5), DINSAR is an effective approach [17]. There exists
a strong correlation between the magnitude of an earthquake event and its detectability
through SAR interferometry. Earthquake events with larger magnitudes create significant
surficial displacement that can be captured in the interferogram, and the deformation signal
generated due to high-magnitude earthquakes differs from other background processes [17].
Another critical factor is the hypocenter depth. The hypocenter depth governs whether
an earthquake event of a given magnitude generates surface deformations with sufficient
amplitude to be detected through DINSAR. As a general rule, the deeper the earthquake,
the smaller the deformation amplitude at the Earth’s surface [70]. This makes shallow
seismic events more detectable through co-seismic interferograms.

In the case of the 2020 Tibet earthquake, with a hypocenter depth of 10 km, lobate de-
formation with a 10 km wide series of concentric fringes can be seen in the phase image, as
shown in Figure 3A,D. The center of the concentric fringes represents the earthquake epicen-
ter, which lies approximately at a distance of 13.7 km from the USGS epicenter. The vertical
displacement around the epicenter lies between 0 and —168 mm. Negative displacement
values indicate the subsidence at the surface, with maximum motion away from the epicen-
ter at the DINSAR-derived epicenter location, as shown in Figure 3B,C,E,F. The wrapped and
unwrapped phase information of the earthquake events, shake maps, isoseismal contours,
focal mechanisms, and beach ball solutions are provided in the Supplementary Materi-
als. For DInSAR-based seismic deformation studies, the reliability and quality of results
generated from unwrapped phase information depend on the co-seismic coherence [29].
The regions of high co-seismic coherence can be considered as the regions of more reliable
surface displacement. To enhance the quality of the derived results, vertical displacement
of the regions having high co-seismic coherence (>0.6) has been masked out, as shown in
Figure 3C,F. The influence area of the earthquake is defined from the isoseismal contours
(intensity-V of the Modified Mercalli Intensity (MMI) scale) of the event shake map (https:
/ /earthquake.usgs.gov/earthquakes/eventpage/us70008cld /shakemap /intensity) and
is considered as a circular area up to a distance of 69 km from the USGS epicenter. The
mean vertical displacement in the region is found to be —47.3 mm. We observe that there is
only subsidence due to the 2020 Tibet earthquake (M, 5.7). Li et al. in 2022 detected the
co-seismic deformation for the Tibet earthquake using ISCE (InSAR Scientific Computing
Environment) [71] with maximum amplitude on the order of —126 and —157 mm through
ascending and descending tracks, respectively. A seismogenic fault (dipping northeast) was
detected with the main rupture zone of ~5 x 5 km? and maximum co-seismic quasi-vertical
displacement of —164 mm. In Figure 4A, we show the difference in pre- and post-seismic
coherence, computed as outlined by Fielding and Jung in 2024 [72]. This difference can
be used as a proxy for locations of significant change in surface properties, such as dam-
age, vegetation, or water content, over that time period. Figure 4B represents the vertical
displacement of the glacial bodies ranging between 0 and —79 mm with a mean displace-
ment of —38.9 mm. To check for variation in surficial features such as glacial moraine
deposits around the glacial bodies, the changes in coherence due to earthquake events
were calculated, as shown in Figure 4A. A reduction in the coherence can be observed from
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pre-seismic to co-seismic pairs in some of the regions around the earthquake epicenter
within the lacustrine deposits of natural lakes (Lake Dingmu) and human settlements [31].
Reduced coherence can be seen around some glacial bodies. However, such changes are
not significant in the glacial bodies close to the periphery of the influence area, which is

quite far away from the epicenter of the earthquake.
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Figure 3. Map for 2020 Tibet earthquake (M, 5.7) showing (A) orthorectified phase interferogram,
(B) vertical displacement, (C) vertical displacement for coherence > 0.6, co-seismic image, (D) or-
thorectified phase interferogram at epicenter location, (E) vertical displacement at epicenter location,
and (F) vertical displacement for coherence > 0.6, co-seismic image.

4.2. 2020 Leh Earthquake, My, 5.3, and 2017 Thang Earthquake, My, 5.2

Figure 5 shows the vertical displacement captured due to the 2020 Leh earthquake (M,
5.3). Within the influence radius of 61 km, vertical displacement lies between 31 mm and
—33 mm. Unlike the 2020 Tibet earthquake, where there is no uplift after the earthquake,
only subsidence, regions close to the epicenter of the 2020 Leh earthquake show positive
vertical displacement and negative vertical displacements moving away from the epicenter.
For the areas with coherence >0.6, the mean vertical displacement is found to be —2.4 mm.
Figure 6A shows the coherence change obtained by subtracting pre-seismic coherence
values from the co-seismic coherence values. Reduction in coherence can be observed
around the glacial bodies. Even though surface deformations can be the primary source
of decorrelation, other factors such as decorrelation due to sensor noise from the radar
system, geometric decorrelation due to perpendicular baseline component, and temporal



Remote Sens. 2025, 17,911

9 of 27

decorrelation due to changes in surficial features and/or vegetation are important [31,73].
Thus, temporal decorrelation before and during an earthquake event may;, in part, be the
result of surficial changes and/or changes in vegetation cover. As Leh is characterized
as a high-altitude dry-cold mountainous desert [74], such reduced coherence due to an
earthquake event around glacial bodies can indicate the deformation/alteration of glacial
moraines. However, because of the shape and size of the glacial bodies, it is difficult to
unwrap glacial subset regions. Figure 6B represents the displacement of glacial bodies
(obtained from the unwrapped phase information for the entire sub-swath), where the
glaciers lying close to the epicenter show positive displacement or uplift. The glacial
bodies far from the epicenter capture subsidence. The mean vertical displacement of
glaciers is found to be —2.5 mm. However, with an influence radius of 61 km, the region of
investigation for seismic deformation is large and consists of ground surface and glacial
bodies, which are quite different from each other in terms of their material properties.
Unwrapping the DInSAR phase information for the entire influence area of the earthquake
may introduce unwrapping errors. Therefore, we investigated the vertical displacement due
to seismic events and the surrounding ground surface separately to avoid any unwrapping
errors while considering a larger area. Considering small patches of glaciated regions and
ground surface separately (Figure 7) at an almost equal radial distance of 41 km shows that
the glacial region experiences negative vertical displacements of up to —78 mm, which is
much greater than the ground displacement, which lies in the range of 18 mm and —32 mm.
The vertical ground displacement shown in the sub region of Figure 7C lies within the range
of seismic displacement shown in Figure 5B. Moreover, where the ground surface shows
both uplift and subsidence, the glacial patch shows only subsidence. One possible reason
for the differences in the seismic deformation of glacial bodies and the ground surface could
be related to their different rheologies, material properties, and dynamic response. Glaciers
are huge masses of metamorphosed ice that behave as a Kelvin Voight (non-Newtonian)
material with the ability to flow, unlike the elastic Earth’s crust [75]. As a result, the impact
of earthquakes on glacial bodies will be different from that of the ground surface.

For the 2017 Thang earthquake (M, 5.2), the vertical displacement ranges between
51 mm and —39 mm within the influence radius of 56 km, with the mean displacement of
2.8 mm for regions masked with coherence > 0.6, as shown in Figure 8B. For the glacial
bodies within the influence area, a mean vertical displacement of 3.4 mm is observed
(Figure 9B). From the coherence difference map (Figure 9A), reduced co-seismic coherence
can be seen within and around the glacial bodies in the influence area. Like Leh, Thang is
a dry—cold mountain desert devoid of vegetation around the glaciated regions. Reduced
coherence due to a seismic event within and around glacial bodies suggests surficial changes
in glacial moraine deposits from that earthquake. Figure 10 shows the vertical displacement
derived for glacial and ground patches separately. The glacial patches show very high
vertical displacement due to the 2017 Thang earthquake that reaches up to —173 mm and
—576 mm, as shown in Figure 10B and 10C, respectively, while the seismic displacement
of the solid earth patches does not exceed —39 mm. This also is observed for the entire
seismic displacement influence area, as shown in Figure 8. It also is interesting to observe
that the glacial patch farther from the epicenter and surrounded by larger glacial bodies
shows larger vertical displacement (Figure 10C) than the glacial patch close to the epicenter
(Figure 10B). One possibility could be the site-specific amplification of the seismic waves,
which is probably dependent on the material properties of glacial bodies, including the
shear modulus, damping coefficient, and thickness. However, a better understanding of
these effects would require extensive field- and lab-based studies of the behavior of glacial
ice under seismic loading.
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Figure 10. Map showing (A) glacial and ground subset regions, (B) vertical displacement (mm) within
glacial subset-I, (C) vertical displacement (mm) within glacial subset-II, (D) vertical displacement
(mm) within ground subset-I, and (E) vertical displacement (mm) within ground subset-II.

4.3. 2021 Joshimath Earthquakes, My, 4.5

The Joshimath earthquake (M, 4.5) occurred on 23 May 2021 at a hypocentral depth
of 10 km near the Gangotri glacier. Figure 11 shows the vertical displacement of the Earth’s
surface within the influence area (54 km). The earthquake resulted in both uplift and
subsidence, in the range of 45 mm and —52 mm, respectively. Earthquake-induced verti-
cal displacement for the regions with co-seismic coherence > 0.6 shows a mean vertical
displacement of approximately 0.64 mm. For the glacial bodies, a mean vertical displace-
ment of —2.2 mm is observed (Figure 12C,E). A major region within the influence area
shows negative vertical displacement, with the exception of some small patches and the
northeastern region of the influence area. The majority of glacial bodies are situated in
the east-west region and very few in the northern side of the influence area. Therefore,
the mean vertical displacement of the glacial bodies shows slightly greater subsidence
compared to the mean vertical displacement of the ground surface within the influence
area. From the coherence difference map of the influence area, a reduction in the co-seismic
coherence can be observed around the glaciated regions along the northern—eastern side
of the influence area where earthquake-induced uplift is observed. Figure 13 shows the
seismic displacement of glacial and solid earth patches. As was observed for the 2020 Leh
earthquake and 2017 Thang earthquake, the glacial patch shows seismic displacement of up
to —94 mm due to the 2021 Joshimath earthquake, which is much higher than the vertical
displacement of the ground patch by as much as —51 mm.
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Figure 12. Map showing (A,B,D) difference between pre- and co-seismic coherence within the

influence area, black and red rectangular regions, respectively, and (C,E) vertical displacement (mm)

within glacial bodies derived from unwrapped phase interferogram for 2021 Joshimath earthquake

(My 4.5) for black and red rectangular regions, respectively.
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glacial subset, and (C) vertical displacement (mm) within ground subset derived from unwrapped
phase interferogram for 2021 Joshimath earthquake (M, 4.5).

4.4. 2018 Sikkim Earthquake, My, 4.4, and 2017 Sikkim Earthquake, M, 4.2

Sikkim is a northeastern state of India that encompasses the eastern Himalayas and
is situated in the high-seismic-hazard territory (Zone-1V) [76]. Sikkim has experienced
moderate seismic impacts in the past. However, shake maps are not available for the earth-
quake events of M, < 4.5 within the northeastern Himalayan region. Thus, determining
the influence radius of earthquakes is more difficult for lower-magnitude earthquakes due
to a lack of isoseismal contours.

As we know, the higher the magnitude (M), the greater the surface deformation that
can be detected in an interferogram [17]. Also, the higher the hypocenter depth (D), the
smaller the deformation amplitude at the surface [70]. This is well represented through
isoseismal contours which govern the influence radius (IR) of an earthquake event in
terms of surface deformations. Therefore, the relationship of My, and Dy with IR can be
represented as Equation (2) and Equation (3), respectively.

My IR @)

1
Dy « R 3)

The detection of earthquake impacts on the Earth’s surface depends on two major
parameters, which are magnitude and hypocenter depth. The 2017 Sikkim earthquake is
triggered at a hypocenter depth of 10 km. In the previous sections, we investigated three
other earthquake events of similar hypocenter depth but varying magnitudes, as shown in
Table 3. The influence radius of these earthquakes differs linearly, as shown in Figure 14A.
Thus, the influence radius of the 2017 Sikkim earthquake is calculated as 46 km. For the
2018 Sikkim earthquake, the scenario is slightly different. The earthquake was triggered at
a hypocentral depth of 49.8 km. From past records, earthquakes at that hypocentral depth
have not occurred in the Indian subcontinent. Thus, earthquakes of different magnitudes
and hypocentral depths close to 49.8 km were considered, and their influence radii were
determined from USGS shake maps, as shown in Table 3. However, their relation (IR vs.
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My) is not linear. Therefore, the normalized influence radius (IRy) for these earthquake
events at a hypocenter depth of 49.8 km has been computed using Equation (4).

Dy
IRN =
NTD

x IR 4)
H

Here, Dy represents the hypocenter depth of the 2018 Sikkim earthquake from which
the IRy of each earthquake is calculated. A linear relationship exists between IR and My,
as shown in Figure 14B. From this, the normalized influence radius of the 2018 Sikkim
earthquake is computed as 17 km.

Table 3. Earthquakes and their respective magnitudes and influence radii.

Earthquakes with Hypocenter Depth of 10 km

Event/Date My IR (km)
Tibet Earthquake/20 March 2020 5.7 69
Leh Earthquake/25 Sept 2020 5.3 61
Joshirmath Earthquake /23 May 2021 4.5 54
Sikkim Earthquake/16 May 2017 42 46
Nepal Earthquake/8 November 2020 41 39
Earthquakes with varying hypocenter depth close to 49.8 km
Event/Date My Dy (km)/IR (km) Dy’ (km)/IRy (km)
Bhutan Earthquake /25 March 2003 5.5 47.1/43 49.8/41
Jaisalmer Earthquake/9 April 2009 5.1 44.3/40 49.8/34
Khangah Dogran Earthquake /19 October 2000 49 47.7/26 49.8/25
Sikkim Earthquake/17 June 2018 4.4 49.8/NA 49.8/17
(A) Hypocenter Depth = 10 km Hypocenter Depth = 49.8 km
(%2}
S
= & &9 g 50
E 70 y=-15x+ 16333 e 41 y = -7.9x +48.933
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Figure 14. Relation between (A) IR and My, of earthquakes triggered at hypocenter depth of 10 km
and relation between (B) IRy and M,y of earthquakes triggered close to hypocenter depth of 49.8 km.

Figure 15A shows the impact of the 2017 Sikkim earthquake (M, 4.2) with a hypocenter
depth of 10 km in terms of the coherence difference between pre- and co-seismic pairs. A
significant reduction in co-seismic coherence has not been observed within the influence
area (46 km). However, this is expected, as an earthquake event of a lower magnitude
(My < 4.5) does not deliver a substantial impact on the Earth’s surface [77,78]. The vertical
displacement lies in the range of 0 to —19 mm, indicating subsidence, much less than the
earthquake events of higher magnitudes (M, > 4.5) discussed in the previous sections. The
earthquake-induced vertical displacements do not propagate to the glacial bodies which are
clustered in the influence area’s northern region. Figure 16 shows the coherence difference
map of the 2018 Sikkim earthquake (M,, 4.4) triggered at a hypocenter depth of 49.8 km.
The earthquake results in negligible impact within the influence area of 17 km. Where the
epicenters of the 2017 and 2018 earthquake events lie within Sikkim at a distance of 31.7 km
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from each other, the 2017 earthquake (M, 4.2) shows some subsidence, whereas vertical
displacement has not been captured for the 2018 earthquake. The earthquake that occurred
in 2017 is comparatively shallow. DInNSAR-based detectable surficial displacement due
to a deeper earthquake is smaller than a shallow earthquake of the same magnitude. To
better understand the impact of moderate earthquake events of the same magnitude but
with different hypocentral depths on glacial bodies, two different earthquake events in the
Nepal region are investigated in the next section.

88°18'0"E 88°24'0"E

27°24'0"N 27°30'0"N

27°18'0"N

A

%2017 Sikkim EQ %2017 Sikkim EQ
. [PGlacial Bodies $y EGlacial Bodies
_Elnfluence Area R MR e Influence Area
igggﬁrence Diffclcu\.c» Bihage & O o ‘ :’Srrtr%%aill Displacement
-0.75 e e s—Kilomoters 919 mm
0 25 5 10 15 20

Figure 15. Map showing (A) difference between pre- and co-seismic coherence and (B) vertical
displacement (mm) within influence area derived from unwrapped phase interferogram for 2017
Sikkim earthquake (My 4.2).

4.5. Nepal Earthquakes in 2020 and 2021, My, 4.1

The comparative study of the impact of earthquakes on glacial bodies is a challenging
task, as it is rare for two earthquake events of similar magnitude to occur at exactly the same
location. Even if two seismic events of similar magnitude occur in the proximity of glacial
bodies, hypocenteral depth and distance from the glacial bodies govern the magnitude of
the vertical displacement. This section attempts to understand the vertical displacement
within glacial bodies due to two different earthquake events of My, 4.1 triggered at a similar
distance from the glacial bodies but with different hypocenter depths. Despite having
similar magnitudes, the influence radius of both earthquakes is different due to the change
in depth. The influence radius of the 2020 Nepal earthquake, at a hypocentral depth of
10 km, is computed as 39 km (Table 3). For the 2021 Nepal earthquake, with a hypocentral
depth of 35 Km, previous records of earthquake events and their respective shake maps
have been utilized to derive the normalized influence radius of 34 km, as shown in Table 4.
The linear relationship between the normalized influence radius of earthquakes and their
magnitudes is shown in Figure 17.
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Figure 16. Map showing difference between pre- and co-seismic coherence for 2018 Sikkim earthquake
(M, 4.4).

Table 4. Earthquakes and their respective magnitudes and influence radii close to a hypocenter depth
of 35 km.

Earthquakes with Varying Hypocenter Depth Close to 35 km

Event/Date My Dy (km)/IR (km) Dy’ (km)/IRN (km)
Dhekiajuli Earthquake/28 April 2021 6.0 34/71 35/70
Haripur Earthquake /10 October 2010 52 33.2/60 35/57
Bageshwar Earthquake/1 May 2010 45 35.5/45 35/46
Nepal Earthquake/11 January 2021 41 35/NA 35/34

The 2020 Nepal earthquake resulted in a vertical displacement of between 0 to —16 mm,
indicating surface subsidence (Figure 18B). The mean displacement is —10 mm. Within the
glacial bodies, the mean vertical sinking is 7.7 mm. On the other hand, the 2021 earthquake
resulted in a vertical displacement in the range of 0 to —12 mm with a mean displacement of
—5.4 mm, as shown in Figure 19B-D. The earthquake events occurred at a distance of 33 km
from each other in the winter of 20202021 (within 64 days). A common circular study zone,
considering the distance between the two event epicenters as the diameter, is demarcated
to capture the vertical displacements of two earthquake events of the same magnitude but
with different hypocenter depths positioned at the same distance from common glacial
bodies. The 2020 earthquake, at a comparatively shallow depth, shows a much larger region
of subsidence in the glacier than the 2021 earthquake (Figure 20). As energy dissipation is
greater for an earthquake of greater hypocentral depth, shallow earthquakes deliver more
impact on the surface. Figures 18A and 19A show the coherence difference map of the
2020 and 2021 earthquakes, respectively. Significant changes in coherence have not been
observed in either case. Even though some locations show reduced co-seismic coherence
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values, this can be attributed to changes due to other factors. As vegetation cover surrounds
the region, as shown in the false-color-composite (FCC) map (Figure 21), the coherence

difference can be attributed to changes in vegetation cover.
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Figure 17. Relation between IRN and My, of earthquakes triggered close to hypocenter depth of

35 km.
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Figure 21. False-color-composite (FCC) map of the common study zone in Nepal.

5. Discussion

After investigating several earthquake events in the glaciated regions of Himalayan
ranges, we see that DInSAR is an effective tool for investigating earthquake impacts
in areas where other conventional techniques are tough to implement [79,80]. Where
both magnitude and hypocentral depth play a paramount role in the detectability of an
earthquake through C-band radar interferometry [70], this paper attempts to develop
an understanding of seismic displacement of high-altitude Himalayan glaciated regions
considering various categories of earthquakes. Shake maps can be used to determine the
influence radius of earthquakes of higher magnitudes (M,, > 4.5), considering the minimum
distance of the intensity-V MMI contour from the epicenter location, and normalized
influence radii can be derived for lower-magnitude earthquakes for which shake maps are
unavailable. Moreover, every earthquake is unique in terms of its impact on the Earth’s
surface. While some earthquake events, such as the 2020 Tibet earthquake [30], the 2017
Sikkim earthquake, and the 2021 and 2021 Nepal earthquakes, resulted in subsidence,
other seismic events, such as the 2017 Thang earthquake, 2020 Leh earthquake, and 2021
Joshirmath earthquake, resulted in both uplift and subsidence.

As observed from multiple earthquake events, the seismic impact on solid earth
regions and glacial bodies shows significant variation in terms of seismic displacements.
The vertical displacement of a glacial mass is much higher than that of the solid earth
for a particular earthquake, which suggests seismic amplification due to the presence
of metamorphosed glacial ice over the ground surface. Moreover, the increased vertical
displacement of a glacial patch farther from the epicenter than a glacial patch close to
the epicenter, as in the case of the 2017 Thang earthquake, suggests that site-specific
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seismic amplification properties of glacial bodies play a role in the associated displacement.
However, it is to be noted that glacial bodies are superimposed on top of the solid earth.
Therefore, the vertical displacements identified via DINSAR may not be solely due to the
glacial material alone but also to the composite displacement of both the glacial body and
the solid earth beneath. This cannot be segregated using satellite-based techniques.

It should be noted that DInSAR is highly effective for measuring vertical displace-
ments due to earthquakes. Its sensitivity to horizontal movements is considerably limited
by several factors inherent to the complex topography of glaciers and to observational
geometry. DINSAR is primarily sensitive to displacements along the radar LOS, which
typically results in the vertical component being more accurately captured than the hor-
izontal one [81,82]. Moreover, in complex topographic regions like glacial terrains, the
influence of the radar look angle and terrain-induced distortions (such as layover and fore-
shortening) can reduce the reliability of horizontal measurements. As DInSAR technology
is most suited for observing vertical movements, a more robust approach for compre-
hensive three-dimensional glacier deformation would involve combining DInSAR with
additional ascending or descending tracks, modeling, or other observation techniques, such
as global navigation satellite systems (GNSSs). Addressing these limitations and combining
datasets could provide a more accurate representation of the glacier response, capturing
both horizontal and vertical displacement in the context of seismic activity.

6. Conclusions

DINSAR has recently emerged as a powerful tool for studying various natural hazards
in the Himalayan region, especially in the case of earthquakes, where every earthquake
event is unique in terms of its source, magnitude, and impact. Therefore, we studied
seismic events of varying magnitudes and hypocenter depths triggered in the proximity of
different glaciated terrains of the Himalayan region using Sentinel-1A /B C-band DInSAR.
The findings of this study are as follows:

The 2020 Tibet earthquake (M, 5.7) results in significant subsidence near the epicenter,
with a mean glacial displacement of —38.9 mm, though glaciers are located far from the
epicenter. In the case of the 2020 Leh earthquake (M, 5.3), vertical displacement lies in
the range of 31 mm and —33 mm, with a mean displacement of —2.4 mm. The glacial
bodies lying close to the epicenter show positive displacement, or uplift, that shifts towards
subsidence as we move away from the epicenter. Similarly to the 2020 Leh earthquake,
the 2017 Thang earthquake (M, 5.2) results in vertical surface displacement that varies
from 51 mm to —39 mm, indicating both uplift and subsidence. The mean displacement
of the Earth’s surface and the glacial bodies are —2.8 mm and —3.4 mm, respectively. A
comparison of glacial and solid earth patches, unwrapped separately, followed by vertical
displacement, shows much greater values of seismic displacement for glacial patches
that vary up to —173 mm and —576 mm. This exceeds the range of displacements for
the solid earth surface by a large offset, considering either small patches or the entire
influence area of the earthquake. Moreover, glacial patches farther from the epicenter but
surrounded by larger glacial bodies show larger values of vertical displacement than glacial
patches closer to the epicenter, indicating the presence of site-specific seismic amplification
properties of glaciers. The 2021 Joshimath (M, 4.5) earthquake displays reduced coherence
near glaciers and vertical displacements of up to —94 mm in glacial patches. Conversely,
smaller earthquakes like 2017 Sikkim (M, 4.2) and 2018 Sikkim (M, 4.4) show minimal
displacement, with no impact from deeper hypocenters. And lastly the 2020 and 2021 Nepal
earthquakes both with the same magnitude (M, 4.1) at almost the same distance from the
glacial bodies but having different hypocenter depths show that a shallower earthquake
has more impact on glacial bodies in terms of vertical displacement than a deeper one.
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Thus, earthquake events around Himalayan glaciers can be well studied with the
help of C-band SAR interferometry, where other geodetic and photogrammetric techniques
are hard to implement. Moreover, the continuous data acquisition of orbiting radars at
a certain temporal offset makes them effective in studying earthquakes which are very
unpredictable in terms of their triggering location and magnitude.

Glacial bodies are dense and thick envelopes of metamorphosed ice that may not
reproduce similar deformation as the solid earth surface and may result in a site-specific
amplification of seismicity. This suggests that because glaciers are different in composition
and behavior, their response to seismic tremors is also different. As glaciers have viscoelastic
properties, earthquakes, in terms of both associated deformation and response to seismic
waves, may impact a glacial mass differently than solid bedrock. Future research into
the dynamics behind the seismic deformation and amplification of glacial bodies should
incorporate extensive modeling of that interaction.

As observed from analyzing multiple earthquake events, glacial mass studied sepa-
rately using DINSAR reveals site-specific seismic amplification compared to the solid earth
surface. However, glacial bodies are thick chunks of metamorphosed ice lying over the
ground underneath. Therefore, the vertical displacement of glacial bodies registered using
DINnSAR is likely to show the results of the composite displacement of both the glacier
and the solid earth surface at the glacier’s base. Developing a better understanding of the
impact of seismicity on glaciers will require additional studies, including the modeling of
glacial properties and processes, into the material and dynamic properties of glacial bodies.

This study indicates that earthquake events can have a disproportionate impact on
glaciers compared to the surrounding terrain due to the fragile and dynamic nature of
glacial ice. Even relatively mild seismic activity can destabilize glacier masses, triggering
hazards such as glacial surging, ice avalanches, landslides, and the catastrophic failure of
moraine- or ice-dammed glacial lakes. The interaction between seismic waves and glaciers
is influenced by glacial geomorphology, including slope, crevassing, and ice thickness, as
well as geological and lithological factors that determine how seismic energy propagates
through bedrock and sediments. In steep high-altitude environments, the amplification
of ground motion can accelerate ice flow, induce fracturing, or destabilize moraine dams,
leading to devastating downstream impacts. By integrating seismic hazard assessments
with remote sensing, geophysical surveys, and numerical modeling, researchers can better
identify glacial regions at risk and develop effective mitigation strategies. Understanding
these interactions is crucial for early warning systems, infrastructure planning, and disaster
risk reduction in seismically active glacierized regions.
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