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ABSTRACT

On November 3, 2023, Jajarkot district in western Nepal experienced a My 5.7 earthquake. The region is
seismically active and lies along the Main Himalayan Thrust (MHT). Various slope failures and damages to many
masonry structures were reported representing the effects of surface displacement. This study presents the first
co-seismic surface displacement analysis of moderate-magnitude earthquake in western Nepal using Sentinel-1A
Synthetic Aperture Radar (SAR) data processed through Interferometric SAR (InSAR) workflow. For data
processing, Sentinel Application Platform (SNAP) and SNAPHU were employed followed by displacement
decomposition in ArcGIS 10.4. The east-west displacement (Dew) ranged from 0.3514 m to -0.2210 m, while the
vertical displacement (Dv) varied between 0.4149 m to -0.5149 m. The total ground displacement magnitude was
approximately 0.5437-0.5603 m. These findings show that even a moderate-magnitude earthquakes in the
Himalayan terrain can produce significant and measurable displacement which highlights the effectiveness of

INSAR in post-seismic hazard assessment for remote, data-scarce regions of Nepal.
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INTRODUCTION

An earthquake of My 5.7 struck Jajarkot district in
western Nepal on November 3, 2023. Occurring along
the Main Himalayan Thrust (MHT), it also triggered
many aftershocks. The intensity of maximum shaking
estimated at around V111 on the Medvedev Sponheuer
Karnik (MSK) scale (USGS, 2023) resulted in some
surface damage and common concern due to its
proximity to vulnerable mountainous terrain. Causing
widespread destruction within seconds, earthquakes
are among the most common devastating geological
hazards (Shedlock & Pakiser, 1998). Earthquakes are
the result of tectonic movements and they may trigger
additional hazards such as tsunamis and landslides
(Lay & Kanamori, 1981; Keefer, 1984). Earthquakes
do not directly cause fatalities; rather the collapse of
poorly designed structures do (Hayes et al., 2024).
Prediction of earthquakes accurately has not been
possible despite their severe impact (Jordan et al.,
2011). Hence, for disaster response and recovery co-
seismic assessment becomes crucial (Subedi et al.,
2024). The field surveys are time consuming and are
sometimes hazardous (Lakshmi & Yarrakula, 2016) in
contrast to remote sensing, especially active
techniques like Synthetic Aperture Radar (SAR)

which provide near real-time monitoring without the
peril (Pepe & Calo, 2017).

Interferometric Synthetic Aperture Radar (INSAR) has
emerged as a powerful remote sensing technique for
delineating co-seismic surface displacement (Wang et
al., 2010; Ishwar & Kumar, 2017). It has been utilized
rapidly in recent years because of its high precision
and wide spatial coverage for mapping ground surface
displacement. It compares the phase difference
between pairs of images commonly called as master
and slave and has been proven effective in detecting
millimeter-level surface displacement (Cao et al.,
2008). Its capabilities were carried out using Seasat
data in the past, where researchers successfully
identified sub-centimeter deformation in California’s
Imperial Valley (Gabriel et al., 1989).

While traditional methods like triangulation and
trilateration, are often tedious, uneconomic, and not
practical for post-disaster assessment (Yarrakula &
Suresh, 2018). InSAR has the advantage of wide-area
coverage without extensive field intervention. This
technique got popularity when it was successfully
applied in mapping tectonic deformation caused by
the 1992 Landers earthquake (Massonnet et al., 1993)
and deformation mapping has been key to co-seismic
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assessment since then (Briole et al., 1997). During
several earthquakes around the world InSAR’s
practical value in disaster assessment was utilized
properly. Sentinel-1 data were used to assess the
effects of the April 16, 2016 Pedernales earthquake
Mw 7.8 in Ecuador (Bejar-Pizarro et al., 2018). InNSAR
data was used to conclude that the inverted co-seismic
slip from the 2015 Gorkha earthquake Mw 7.3
aftershock was largely confined to a relatively small
zone near the epicenter, where the maximum
displacement reached around 3 meters (Zhou et al.,
2016). These findings supported the integration of this
technology into emergency response and decision-
making process. Nevertheless, INSAR is not without
limitations. During displacement measurement, issues
such as phase decorrelation, atmospheric noise, and
data voids can produce errors (Blirgmann et al., 2000).
Mountainous or forested terrains often lead to
geometric distortions, which reduce coherence and
affect data quality (Jebur et al., 2015).

The present study focuses on mapping co-seismic
surface displacement caused by the 2023 Jajarkot
earthquake using Sentinel-1 SAR data processed in
Sentinel Application Platform (SNAP). We followed
a complete INSAR workflow from pre-processing and
interferogram  generation to filtering, phase
unwrapping, and finally converting the results into
displacement. The resulting maps capture how the
ground actually moved during the event and help
make sense of the underlying seismotectonic
processes.

One of the key advantages of Sentinel-1 is its global
coverage, open access, and frequent revisit time,
which makes it especially useful for studying
earthquakes in remote, data-scarce regions like Nepal.
Although Himalayan earthquakes have been studied
extensively, this particular event has not yet been
explored in detail using INSAR. Here, we not only
map the deformation but also break down the line-of-
sight (LOS) displacement into vertical and horizontal
components. Interpreting these patterns in relation to
the Main Himalayan Thrust (MHT) and the regional
tectonic setting allows us to better understand how
moderate magnitude earthquakes shape the landscape
in the western Nepal Himalaya.

Seismotectonic of study area

The study area lies in the Jajarkot and parts of Rukum
district located in the western Nepal Himalaya (Fig.
1). The Himalaya formed due to the convergence
between the Indian and Eurasian plates (Molnar &
Tapponnier, 1975; Tapponnier et al., 1982; DeCelles
et al., 2014; Ding et al., 2022) is one of the most
seismically active regions in the world with numerous
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past earthquakes (Sapkota et al., 2013; Rahman et al.,
2018; Rahman & Bai, 2018; Kanaujia et al., 2024).
The main feature of the region is the Main Himalayan
Thrust (MHT), which is also the primary source of
large-magnitude earthquakes (Avouac, 2003; Bilham,
2004; Hubbard et al., 2016; Bai et al., 2019 & 2025b;
Dal Zilio et al., 2019; Kanaujia et al., 2024). The MHT
represents the extension of several major surface
faults, mainly the Main Frontal Thrust (MFT), Main
Boundary Thrust (MBT), Main Central Thrust
(MCT), and the South Tibetan Detachment (STD).
Tectonically, the Himalayan belt is subdivided into
four geological units: the Sub-Himalaya, Lesser
Himalaya, Higher Himalaya, and Tethyan Himalaya
(Gansser, 1964; Arita et al., 1984; Yin, 2006; Hubbard
etal., 2016).

Western Nepal seismicity is influenced by several
secondary fault systems, such as the Tibrikot Fault
(Nakata, 1989), Dhaulagiri Southwest Fault (Styron et
al., 2009), Bari Gad Fault (Murphy et al., 2010), and
the Gurla-Mandhata-Humla Fault also referred to as
the Western Nepal Fault System or WNFS (Silver et
al., 2015). These fault systems contribute to the
occurrence of small to moderate earthquakes in the
region (Murphy & Copeland, 2005). The Jajarkot
earthquake is a thrust fault earthquake with a dip angle
of 21°, which occurred above the MHT and consistent
with the ramp structure in the Lesser Himalayan
duplex system. The rupture area was 25 km along the
strike and 20 km along the dip and the rupture
nucleated on the ramp structure of the MHT
eventually propagating to shallower depths causing
severe damage to the surrounding region (Dhakal et
al., 2026).

Geophysical and geological evidence points to a
steady buildup of seismic strain in this region, raising
concerns about the potential for a large earthquake in
the future (Sapkota et al., 2013; Stevens & Avouac,
2015). Parts of this broader system have already
ruptured in recent years - the 2015 Mw 7.8 Gorkha
earthquake broke the eastern section of the seismic
gap (Bilham, 2015; Hand & Pulla, 2015), and more
recently, the 2025 Mw 7.1 Dingri earthquake in
southern Xizang, roughly 200 km northeast of the
Gorkha rupture zone (Bai et al., 2025a). In contrast,
western Nepal has remained relatively quiet since the
1505 event, which makes it particularly concerning
segment with high likelihood of future large,
potentially devastating earthquakes (Rajendran &
Rajendran, 2005). The Jajarkot area falling within the
Lesser Himalayan domain is structurally complex due
to the presence of imbricated thrust sheets, klippen,
and crystalline nappes. The region includes tectonic
units of Jajarkot Crystalline Zone and Karnali
Crystalline Zone, composed of metamorphic rocks



like schists, gneisses, and quartzites, that have
undergone significant deformation during Himalayan
orogeny (Shahi et al., 2022). Furthermore, the Jajarkot
thrust sheet represents an important tectonic element,
reflecting intense folding, thrusting, and inverted
metamorphism associated with crustal shortening
(Tamang et al., 2025). The topography of the study
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area ranging from 62 m to 5148 m elevation is
composed of deeply incised river valleys to rugged
terrain, which aggravate the impact of seismic events
(Baruah et al., 2020). Accurate mapping of
deformation in such environment becomes imperative
to assess landslide risks, infrastructure vulnerability,
and long-term strain accumulation.
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Figure 1. Location of the study area in western Nepal showing the epicenter of Jajarkot earthquake and major tectonic
structures (Nakata et al., 1989), including the Main Frontal Thrust (MFT) and Western Nepal Fault System (WNFS) (Silver
et al., 2015). Historical earthquake events are compiled from USGS data

MATERIALS AND METHODS

SAR datasets

We utilized Sentinel-1A Interferometric Wide (IW)
mode Single Look Complex (SLC) imagery for the
analysis employing both descending and ascending
descending tracks (Tables 1 and 2). Each pair
consisted of pre- and post-event acquisitions with VV
(vertical transmit/vertical receive) polarization and
similar incidence angles (= 46°). The temporal
baseline between SAR acquisitions was 12 days for
both ascending and descending datasets. Furthermore,
both orbit geometries were used to calculate
displacement decomposition.

INSAR data processing workflow
The InSAR processing was carried out using ESA’s
SNAP toolbox and SNAPHU. Figure 2 shows the
processing workflow which involves:

1. Orbit correction using  Precise  Orbit
Determination (POD) data,

2. Co-registration and burst selection containing the
epicentral region,

3. Interferogram

estimation,

Goldstein filtering to suppress noise

Phase unwrapping in SNAPHU

Conversion to LOS displacement, and

Range-Doppler Terrain Correction using SRTM

1 Arc-second Digital Elevation Model (DEM).

generation and  coherence

No ok~

Firstly, the slave and master Sentinel-1 SLC images
were imported into the processing environment and
POD files were applied to enhance the geometric
accuracy of the satellite data. Subsequently, the IW
swath and the specific burst containing the earthquake
epicenter were selected through split and subset
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process. Finally, accurate co-registration was images, ensuring pixel-level matching necessary for
conducted to align the pre- and post-event SLC interferometric analysis.

Table 1. Parameters of sentinel 1A IW SLC descending pass data acquired from abstract metadata

Angle of incidence

Pass Master/Slave Acquisition Track Orbit Swath Polarization

(degree)
Master
Desconding  (Posteveny  06NOV23 92 51089 46 W2 WV
Slave 25-0ct-23 92 50014 46 W2 v,

(Pre-event)

Table 2. Parameters of sentinel 1A IW SLC ascending pass data acquired from abstract metadata

Angle of incidence

Pass Master/Slave  Acquisition Track Orbit
(degree)

Swath Polarization

Master
Ascending  (Post-event)
Slave
(Pre-event)

03-Nov-23 56 51053 46 IW3 \AY

22-Oct-23 56 50878 46 IW3 \AY

Open-access HUB

Copernicus
‘ (Ascending and Descending)

o A A i
—{ SRTM 1 Arc ‘ [ Master | [ Slave |
| sec ' :

Split
| OrbitFile |

(" Topographic | : -
}‘»{ Back Geocoding |
. Phase Removal | \ l )

[ Interferogram Formation |

| Deburst | S — S —

f E-wW Vertical

[ Goldstein Phase Filtering | |, Displacement Displacement

: l - ,.

Phase Unwrapping |

, ¢ \ I
[ Range DopplerTerrain | [ LOS Displacement |
| Correction ) . Map

Figure 2. INSAR processing workflow using SNAP and SNAPHU, including co-registration, interferogram generation,
filtering, phase unwrapping, and terrain correction

Interferogram  was generated using  Terrain improve the interferogram quality and reduce noise.
Observation with Progressive Scans (TOPS) mode Then, phase unwrapping using the SNAPHU
processing in SNAP. Interferogram formation was algorithm with a statistical cost network flow
carried out by generating the interference pattern approach was conducted that transformed the wrapped
between the pre- and post-event Sentinel-1 images. phase fringes into continuous displacement signals.
Phase difference was captured for both descending The coherence threshold was maintained at > 0.3 to
and ascending passes (Fig. 3 and 4). Goldstein mask low-quality pixels. The SRTM 1 Arc-second
filtering with a coefficient of 0.8 was applied to
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(~30 m resolution) DEM was used for topographic
phase removal and terrain correction.

The unwrapped phase was then converted to LOS
displacement using equation (1) (Hanssen, 2001):

N. Kafle, S. M. Bijukchhen

d=12 L)

4T
Where, d is the LOS displacement, A=0.0555 is the

wavelength of the Sentinel-1A band sensor, and o is
the unwrapped interferometric phase.
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Figure 3. Interferograms from descending and ascending Sentinel-1A SAR data illustrating phase fringes and co-seismic
deformation, where color variations represent ground displacement along the radar LOS
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Figure 4. Interferogram over the study area from the ascending orbit of Sentinel-1A. The fringe patterns indicate spatial
variation in co-seismic displacement across the study area
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Displacement decomposition

The LOS displacement does not directly correspond to
three-dimensional surface deformation rather it
represents ground motion projected along the radar
viewing direction. For better interpretation of co-
seismic displacement both the ascending and
descending LOS displacement were combined to
decompose the displacement into vertical (Dy) and
east-west (Dew) components (Fig. 5, 6), using the
standard decomposition equations (2 and 3) (Hanssen,
2001):

DV — Dasc‘*'deesc (2)

Dey = Dasc_deesc (3)

where, Dasc and Dgesc are LOS displacement of
ascending pass and descending pass data respectively.

Using LOS values from both orbits: Dasc = 0.766306
m (high), -0.735942 m (low) and Dgesc = 0.0634908 m
(high), -0.293848 m (low), the decomposed
displacements were obtained (Table 3). The results
indicate that the vertical displacement varied by about
0.93 m, while EW displacement varied by about 0.57
m. The resultant total displacement magnitude was
calculated using equation (4) (Hanssen, 2001)
yielding a value of approximately 0.5437 m uplift and
0.5603 m subsidence (Table 3):

Diotar = VDy* + Dgy* (4)

Table 3. Decomposed vertical displacement (Dv), east-west displacement (Dew) and resultant total displacement derived
from ascending and descending Sentinel-1 SAR data values

Case Dv(m) Dew (M) DrotaL (m)
High 0.4149 0.3514 0.5437
Low -0.5149 -0.2210 0.5603
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Figure 5. LOS displacement map derived from descending orbit data. Positive values indicate motion toward the satellite,
while negative values represent motion away from the satellite. Displacement is shown in meters
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Figure 6. LOS displacement map obtained from ascending data, illustrating ground deformation patterns associated with the
earthquake. Color scale represents displacement in meters

RESULTS AND DISCUSSION

The InSAR analysis indicate a distinct co-seismic
deformation centered in proximity to the epicenter.
The LOS displacement maps (Fig. 5, 6) illustrate an
uplift on one flank and subsidence on the opposite,
consistent with the thrust-faulting motion along the
MHT. Coherence values were 0.93 in stable areas,
confirming reliable interferometric signal quality,
while vegetated and steep slopes showed minor
decorrelation.

A vertical uplift of 0.4149 m and subsidence of -
0.5149 m suggest near-surface rupture propagation
(Fig. 7). Corresponding east-west motion ranging
from 0.3514 m (eastward) and -0.2210 m (westward)
indicates lateral displacement probably pertinent to
the fault dip and propagation direction (Fig. 8). This
reflects horizontal shortening related to the plate
convergence. The observed resultant displacement
magnitude falls within the range of typical co-seismic
motions of Mw 5.5 to 6.5 Himalayan earthquakes
(YYarrakula et al., 2018; Jasir et al., 2024).

The observation of the co-seismic displacement
suggests a shallow seated thrust fault mechanism. This
is likely associated with MHT and its imbricate splay
faults. The asymmetry in vertical displacement
suggests a dipping fault plane with shallow rupture
propagation. Despite being a moderate-magnitude
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earthquake, the shallow rupture propagation allows
the surface deformation to be captured by INSAR. The
displacements show substantial agreement with post-
earthquake field reconnaissance and reporting of slope
failures and structure damage (Subedi et al., 2024)
carried out in the area.

The displacement pattern calculated in this study,
generally aligns well with the tectonic framework of
the Nepal Himalaya. When compared to larger
Himalayan events like the 2015 Gorkha earthquake,
though the displacement of the event is smaller, the
overall pattern of deformation is similar, suggesting
that the same underlying tectonic processes are at
work across the region. These results demonstrate that
earthquakes of this scale can still generate a
significant surface displacement in the Himalaya due
to shallow fault geometry and complex tectonic
structures. It can be concluded that in the absence of
ground-based observations, INSAR provides valuable
insights and means for quantifying co-seismic ground
movement at a regional scale. The resulting geocoded
displacement map supports co-seismic damage
assessment in data-scarce region like the Nepal
Himalaya. The findings have important implications
for seismic hazard assessment, particularly in
identifying zones of strain accumulation and potential
landslide triggering in mountainous terrain.



InSAR-Based Co-Seismic Displacement Mapping of the 2023 Jajarkot Earthquake.................

2935
1

2909
1

2852
1

R S
P High: 0.4149
Bl Low: -0.5149

Epicenter

0510 20 30 40

s mm Kilometers

Figure 7. Vertical co-seismic displacement map derived from InSAR analysis. Red indicates uplift (positive displacement),
while blue indicates subsidence (negative displacement). The displacement scale is shown in meters
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Figure 8. East-West component of co-seismic surface displacement. Positive values (red) indicate eastward movement,
while negative values (blue) indicate westward movement. Displacement is shown in meters

CONCLUSION

This study presents the first INSAR-based seismic
deformation analysis of western Nepal. It highlights
the applicability and effectiveness of Sentinel-1A-
based INSAR techniques for mapping co-seismic
surface deformation associated with a moderate-
magnitude earthquake. The results demonstrate that
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even moderate earthquakes in the Himalaya can
generate measurable ground movement due to shallow
thrust faulting along the MHT. Furthermore, the
SNAP and SNAPHU workflow enable the generation
of high-resolution LOS displacement maps. The
findings highlight the potential of INSAR as a rapid
and effective tool for seismic hazard assessment in



mountainous regions and provides an improved
understanding of tectonic deformation in western
Nepal.
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