
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tres20

International Journal of Remote Sensing

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tres20

Rapid subsidence in the Kathmandu Valley
recorded using Sentinel-1 InSAR

Jingqiu Huang, Hugh Sinclair, Prakash Pokhrel & C. Scott Watson

To cite this article: Jingqiu Huang, Hugh Sinclair, Prakash Pokhrel & C. Scott Watson (2024)
Rapid subsidence in the Kathmandu Valley recorded using Sentinel-1 InSAR, International
Journal of Remote Sensing, 45:1, 1-20, DOI: 10.1080/01431161.2023.2283902

To link to this article:  https://doi.org/10.1080/01431161.2023.2283902

© 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 27 Dec 2023.

Submit your article to this journal 

Article views: 180

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tres20
https://www.tandfonline.com/loi/tres20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/01431161.2023.2283902
https://doi.org/10.1080/01431161.2023.2283902
https://www.tandfonline.com/doi/suppl/10.1080/01431161.2023.2283902
https://www.tandfonline.com/doi/suppl/10.1080/01431161.2023.2283902
https://www.tandfonline.com/action/authorSubmission?journalCode=tres20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tres20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/01431161.2023.2283902
https://www.tandfonline.com/doi/mlt/10.1080/01431161.2023.2283902
http://crossmark.crossref.org/dialog/?doi=10.1080/01431161.2023.2283902&domain=pdf&date_stamp=27 Dec 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/01431161.2023.2283902&domain=pdf&date_stamp=27 Dec 2023


Rapid subsidence in the Kathmandu Valley recorded using 
Sentinel-1 InSAR
Jingqiu Huang a, Hugh Sinclaira, Prakash Pokhrela and C. Scott Watson b

aSchool of GeoSciences, University of Edinburgh, Edinburgh, UK; bCOMET, School of Earth and Environment, 
University of Leeds, Leeds, UK

ABSTRACT
Urban subsidence poses significant challenges for rapidly develop-
ing cities. Published InSAR data reveal Kathmandu as a prime exam-
ple, demonstrating an alarming rate of subsidence during rapid 
urban expansion. To monitor the spatiotemporal evolution of 
recent subsidence, we use Sentinel-1 Synthetic Aperture Radar 
(SAR) data and the LiCSBAS open-source processing package. 
Vertical surface motion maps from 2015 to present reveal many 
localized zones with high subsidence rates (>100 mm year−1), while 
the mountains that surround the valley have experienced slight 
surface uplift of ~5 mm year−1. The highest subsidence rate is  
~200 mm year−1 and occurs in the centre of the Kathmandu metro-
politan area. The distribution of subsidence in the valley matches 
with areas of the Pliocene to recent sediment up to 500 m thick. The 
deep aquifer compaction is likely to be the main driver of subsi-
dence in the Kathmandu Valley. Time-series data show a dominant 
linear subsidence signal with weak sinusoidal signal peaks asso-
ciated with groundwater recharge of shallow aquifers during the 
monsoon season. Subsidence rates decrease in proximity to the 
main river channels, likely driven by the seasonal recharge into the 
distal floodplain. The distribution of subsidence in the Kathmandu 
Valley has significant implications for future flood risk and infra-
structure in the city.
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1. Introduction

The Kathmandu Basin is an intermountain basin surrounded by highly deformed mountains 
in the central part of the Himalayas (Sakai et al. 2012) (Figure 1). The Himalayan region 
experiences large earthquakes (Bilham 2019) with associated surface deformation driven by 
the basal Main Himalayan Thrust (MHT) accommodating plate motion since ~20 Ma, with 
a ~20 mm year−1 shortening rate (Ingleby et al. 2020; Wobus et al. 2005). The 1934 Mw8.4 
Nepal-Bihar earthquake (Chen and Molnar 1977) and 2015 Mw7.8 Gorkha earthquake 
(Avouac 2015) are recent examples of large earthquakes in Kathmandu and adjoining 
areas. The 2015 Mw7.8 Gorkha earthquake did not rupture the surface but resulted in 
a stressed section along the near surface part of the MHT and generated about 1 m of co-
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seismic surface uplift in the Kathmandu Basin (Elliott et al. 2016). Although regional 
tectonics is driving rock uplift across the whole of the Kathmandu Basin, the land surface 
in the centre of the basin is known to be subsiding (Bhattarai et al. 2017; Suresh-Krishnan, 
Kim, and Jung 2018).

The Kathmandu Basin lies within the Kathmandu Nappe, which consists of Precambrian 
crystalline rocks and Precambrian-Ordovician sedimentary rocks, forming the basement 
and surrounding hills of the Kathmandu basin (Figure 2) (DMG 2011; Stöcklin and 
Bhattarai 1977). However, the Pliocene-Pleistocene unconsolidated basin-fill sediment 
unconformably overlies the eroded surface of the Precambrian basement rocks (Sakai 
et al. 2006). The spatial distribution of the basin-fill sediment is not homogeneous as it

Figure 1. Map of the Kathmandu Valley. The black contour is the valley watershed. The dark blue 
network is the major rivers in the valley. The sediment thickness is up to 500 m. The black dashed line 
is a proximate location of the schematic cross-section shown in Figure 2. The inset location map is 
made with GeoMapApp (www.geomapapp.org) (Ryan et al. 2009). The sediment thickness data are 
from JICA (2018). The river network shapefile is from Thapa et al. (2022), which is sourced from the 
department of survey in Nepal.

2 J. HUANG ET AL.

http://www.geomapapp.org


consists of sandy layers in the northern part, silty-clay in the central part and sandy-gravel 
layers in the southern part of the basin (Sakai et al. 2012). The greatest thickness of the 
sediment is ~500 m in the central part of the basin. Exposed isolated basement rocks 
within the basin along with geophysical investigations and drill core results indicate that 
the sediment thickness is not uniform and that the basal unconformity is irregular 
(Moribayashi and Maruo 1980; Paudyal et al. 2013).

Kathmandu city has a population density of ~20,000 people per square km (https:// 
worldpopulationreview.com/countries/nepal-population), as of 2013, is the fastest growing 
metropolitan area in South Asia (Muzzini and Aparicio 2013). The urban area in Kathmandu 
has expanded over 400% with a ~>30% loss of agricultural land, the majority of this expansion 
happened between 1989 and 2009 (Ishtiaque, Shrestha, and Chhetri 2017). Nearly half of the 
total water supply during the wet season and almost 70% during the dry season is sourced 
from sub-surface water (ICIMOD 2007). Groundwater extraction in the basin started in the

Figure 2. North-South generalized representative cross-section schematic model of Kathmandu Valley. 
An approximate location of the cross-section is shown in Figure 1 as a black dashed line. The basin 
stratigraphy is classified into five distinct stratigraphic units. Sa represents the shallow aquifer, SG 
represents the deep aquifer, CS represents the aquitard and CG with mixed aquifer characteristics. BR 
is the basement made up of metasandstone, phyllite, schist and quartzite. The maximum thickness of 
the aquitard is ~200 m and similarly the maximum thickness of the deep aquifer is ~300 m around the 
central part of the basin. The central part of the basin is the region where the maximum subsidence is 
observed. The shallow aquifer is recharged during each monsoon season directly from the precipita-
tion. The chances of vertical recharge for the deep aquifer from precipitation is negligible due to the 
presence of a thick aquitard above it. Infiltration from the top sandy layer and bed rock aquifer 
(weathered gneiss, metasandstone, limestone) in the marginal part may have some contribution to 
the deep aquifer. Note that the maximum variation in thickness is controlled by the lower sandy gravel 
unit (SG), which represents the deep aquifer.
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1980s and the rate of extraction has increased since then (Pandey, Shrestha, and Kazama  
2012). Both shallow and deep aquifers are being used for groundwater extraction. The 
Pliocene deep aquifer, dominantly fluvial sandy-gravel, is overlain by a thick lacustrine silty- 
clay aquitard and capped by a shallow gravelly upper aquifer succession (Sakai et al. 2006,  
2012). However, the lateral and vertical distribution of aquifer and aquitard is poorly known.

The consequences of rapid urbanization are already seen in the form of changes 
in the surface runoff of water, recharge dynamics of groundwater and the decreasing 
volumes of water in the basin (Dong and Karmacharya 2018; Gupte and Bogati 2014; 
Mesta, Cremen, and Galasso 2022). The projected changes are expected to escalate 
the depletion of sub-surface water levels with further changes expected in the base 
flows in rivers (Lamichhane and Shakya 2019). The estimated thickness of the 
shallow aquifer varies from 0 to 85 m, with the corresponding aquitard thickness 
varying from less than 5 m to more than 200 m, and the deep aquifer thicknesses 
varying from 25 m to more than 285 m (Pandey, Shrestha, and Kazama 2012). 
However, there is inconsistency in how the aquifers are classified based on depth, 
posing challenges to their management (Gurung et al. 2007; Khadka 1993). Most 
importantly, there is no significant vertical recharge to the deep aquifers which are 
confined aquifers overlain by thick aquitards (Gurung et al. 2007; Shakya et al. 2019). 
There is some limited recharge area in the northern margin of basin, where the deep 
aquifer is connected with the shallow aquifer (Pandey, Chapagain, and Kazama  
2010). The shallow aquifers are generally represented by the top sandy layers that 
are recharged during the monsoon season (Gurung et al. 2007). Hence, the 
Kathmandu groundwater system consists of unconfined, mainly shallow aquifers, 
confined deep aquifers overlain by a thick aquitards and partially rechargeable 
aquifers in the marginal parts of the basin where the sediment and/or aquitard 
thickness is thinner.

Land subsidence is a common problem in rapidly urbanizing areas due to aquifer 
depletion (Herrera-García et al. 2021; Khan et al. 2023). For example, due to groundwater 
exploitation and the slow drainage of clay aquitards, Mexico City currently has 
a subsidence rate of up to 390 mm year−1 which is causing permanent irreversible 
compaction (Cigna and Tapete 2021). Groundwater-exploitation-related problems have 
also been observed in Delhi, which had subsidence rates of up to 60 mm year−1 from 2014 
to 2019 (Kumar et al. 2022), and Jakarta that had subsidence rates up to 280 mm year−1 

from 1982 to 2010 (Abidin et al. 2011). The unsustainable use of groundwater resources 
creates problems, with increasing risk of flood exposure (Cigna and Tapete 2021) as well 
as surface-deformation-induced structural damage (Huang et al. 2016).

Kathmandu is a rapidly subsiding city, the average subsidence rate around the 
Narayanhiti Palace in Kathmandu was 80 mm year−1 between 2007 and 2011, and 
increased to 150 mm year−1 during early post 2015 Gorkha earthquake. This short- 
lived subsidence rate increase lasted around 3 months, then returned back to the 
long-term subsidence rate of 120 mm year−1 at the end of 2015 (Suresh-Krishnan, Kim, 
and Jung 2018). The high subsidence rates are a significant concern for cities like 
Kathmandu, where rapid population growth presents a risk to future sustainable 
development.
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To address the issue of subsidence in Kathmandu, this study applies multi-temporal 
InSAR observations to analyse the present-day surface subsidence rates. The spatial 
distribution of subsidence is compared to sediment thicknesses and to the modern 
river network. Annual rainfall variations are also considered in terms of evidence of 
seasonal responses to monsoon precipitation. The data demonstrate the degree of 
variability and the ongoing high rates of subsidence across the metropolitan city and 
consider the probable role of water extraction.

2. InSAR methodology

InSAR (Interferometric Synthetic Aperture Radar) is used to measure ground deformation, 
such as subsidence, across extensive areas. SBAS-InSAR (Small Baseline Subset 
Interferometric Synthetic Aperture Radar) is a stacking InSAR technique that works by 
combining InSAR images from the same area taken at different times and using the phase 
differences between the images to calculate the change in the distance between the 
satellite radar sensor and the ground (Bürgmann, Rosen, and Fielding 2000; Massonnet 
and Feigl 1998). The InSAR results are then used to generate maps of ground deformation 
and to track changes in the ground deformation over a specified time. InSAR data provide 
valuable information about the extent and severity of subsidence in any given landmass 
(Tomás et al. 2005, 2014). SBAS-InSAR is an established processing technique used to 
process InSAR images for monitoring millimetre-scale surface deformation around the 
world.

The input SAR interferograms are 450 ascending and 286 descending C-band 
images from Sentinel-1 A/B satellites during 2015–2021 (ascending frame 2015/ 
10/06–2021/07/06 and descending frame 2015/11/07–2021/07/02). This time series 
excludes the ~100-day period of post-seismic high subsidence due to sediment 
oscillation, from the 2015 Gorkha earthquake (Suresh-Krishnan, Kim, and Jung 2018). 
The frame number for the ascending frame is 085A_06253_131313 and for the 
descending frame is 019D_06217_131313. The Sentinel-1 A/B SAR images footprint 
size is 250 × 250 km, with a 6-day revisit time. The SAR interferogram data were 
processed by the COMET LiCSAR system (Lazecký et al. 2020), which uses GAMMA 
software. Data are available from the LiCSAR portal (https://comet.nerc.ac.uk/comet- 
lics-portal/).

During processing, we chose to clip the SAR footprint to an area that covers only the 
Kathmandu Valley watershed. To observe the recent surface movement velocity and time- 
series in the valley, we used the LiCSBAS package (Morishita et al. 2020), which applied the 
SBAS technique to the SAR interferogram images downloaded from LiCSAR system. LiCSBAS 
is an open-source software written in Python3 and uses small baseline (SB) inversion to 
produce surface movement velocity maps at 100 × 100-m spatial resolution with accuracies 
on the order of ~2 mm year−1. A network of the available interferometric pairs and baseline 
information is shown in Figure 3. The interferograms are combined to derive the surface 
deformation velocities by inversion of the temporal phase profiles, effectively reducing 
atmospheric noise, and topographic effects. The GACOS (Generic Atmospheric Correction 
Online Service) atmospheric correction is also applied to both the ascending and descend-
ing frames during processing (Yu et al. 2018; Yu, Li, and Penna 2018; Yu, Penna, and Li 2017).
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We use the LiCSBAS auto-selected reference point (black star, Figure 4a), which is based 
on high coherence away from rapidly subsiding regions. The line-of-sight velocity results 
from both the ascending and descending frames are analogous (Figure 4). The ascending 
and descending results were combined to decompose the LOS direction motion to vertical 
and horizontal motion by using LiCSBAS software (Morishita et al. 2020). There is an 
assumption that there is no North–South displacement due to the SAR satellite having 
near polar orbits that are insensitive to North–South motion. So, the horizontal motion in 
Figure 4d is in the East–West direction. To estimate the uncertainty of the SBAS-InSAR LOS 
velocity, the standard deviation is calculated based on the bootstrap method using the 
LiCSBAS software (Morishita et al. 2020). The SBAS-InSAR results from both ascending and 
descending results have an accuracy of ~1 mm year−1 (Figure 5).

Sentinel-1 deformation records were compared with GPS data. There are two continu-
ously operating GPS stations (KKN4 and NAST) available from the UNAVCO website. We 
choose the NAST GPS station to compare with the InSAR results, due to its best data 
quality. The NAST location is marked with a yellow square in Figure 4a. The GPS data are 
processed by the Nevada Geodetic Laboratory (NGL) from the University of Nevada (Blewitt 
and Hammond 2018). The GPS station’s position is determined on its own, without 
reference or use of nearby stations (http://geodesy.unr.edu/NGLStationPages/stations/ 
NAST.sta). The ascending and descending SBAS-InSAR time series from the same location 
as the NAST GPS are shown in Figure 6. To be able to compare with the GPS vertical 
velocity, we converted those line-of-sight velocity values to vertical velocity values based 
on the following equation, which assumes that all observed deformations are vertical. 

where 38.8° is the Sentinel-1 satellite SAR acquisition average incident angle.
While the vertical movement time-series trends from both InSAR and GPS are similar, 

the subsidence rates are different. The vertical velocity for SBAS-InSAR is −105 mm year−1 

Figure 3. The network of all available pairs of interferograms. The y-axis is the perpendicular baseline, 
versus acquisition dates on the x-axis. The perpendicular baseline is the distance between the satellite 
orbits when the satellite revisits the ‘same location’. Each blue line connects two SAR images for 
interferograms. All the SAR images are co-registered with the master reference SAR image (red circle, 
2016/09/14 for the descending and 2016/09/06 for the ascending).
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(2015–2021) (Figure 6), and the GPS vertical velocity is −112 mm year−1 (2015–2020). This 
variation may arise from differences in the measurement direction, temporal span, spatial 
resolution and reference points.

3. Results

3.1. Spatial distribution of surface deformation

According to the six-year (2015–2021) Sentinel-1 A/B results, the majority of the Kathmandu 
Valley that is filled by sediment is subsiding (Figure 7). The InSAR LOS velocity values from 
the ascending results are in the range of −170 to +36 mm year−1, and the descending results

Figure 4. The SBAS-InSAR results from (a) 2015/10/06 to 2021/07/06 for the ascending and (b) 2015/ 
11/07 to 2021/07/02 for the descending. The overall velocities from the ascending and descending are 
similar. (c) The vertical velocities are from 2015/11/07 to 2021/07/02. (d) In the horizontal (EW) motion 
map, positive values mean eastward displacement. The 10 coloured triangles in (a) are the locations 
for the time-series analysis. The reference point in (a) is the black star located in the south of the 
Kathmandu Valley. The yellow square in (a) is the GPS location.
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Figure 5. Maps of uncertainty in the subsidence rates. (a) Ascending velocity standard deviation. (b) 
descending velocity standard deviation. InSAR LOS velocity standard deviation ranges 0–1 mm year−1. 
The relative high values in velocity standard deviation could be caused by relatively high uncertainty 
values, or a non-linear signal in the time-series.

Figure 6. Comparison of the GPS, ascending and descending SBAS-InSAR time-series at the NAST-GPS 
location. The InSAR derived time-series at the GPS location closely agrees with the time series 
measured by GPS. The NGL has GPS data available up to year 2020 at this GPS location. There is 
a small acceleration of the subsidence rate picked up by the GPS in year 2019, however this change is 
not resolved in the InSAR result. This could be explained by the spatial resolution difference between 
those two techniques.
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are in the range of −165 to +21 mm year−1. The vertical velocity results are in the range of 
−205 to +18 mm year−1, and the horizontal velocity results are in the range of −28 to +36  
mm year−1 (Figure S1). The value distribution histograms only have a few outliers with 
extremely high positive values in the ascending, descending and vertical velocity results, 
and are located at the edge of the Kathmandu Valley. In order to ensure a consistent dataset, 
a few outliers with high positive values in the ascending, descending and vertical results, 
which are likely caused by the high topography and low coherence effect at the edge of the 
valley, are removed. The extreme negative values in the ascending, descending, vertical and 
both the extreme positive and negative values in the horizontal velocity results are all 
located at the middle of the valley with high coherence, and those values are kept (Figure 4). 
The dominant vertical rate is in the range of −60 to 8 mm year−1 (Figure S1), and the centre 
of maximum subsidence (marked by a red contour line in Figure 7a) has a vertical

Figure 7. (a) Spatial distribution of the SBAS-InSAR surface vertical deformation result in relation to the 
main urban landmarks: (b) Narayanhiti Palace, (c) airport, (d) Patan Durbar Square. Building footprints 
are shown from Microsoft’s GlobalMLBuildingFootprints dataset (https://github.com/microsoft/ 
GlobalMLBuildingFootprints). The four black dots in (a) are the locations of the four deep water 
wells used in stratigraphic column analysis.
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subsidence rate of up to ~200 mm year−1. The localized subsidence is accompanied by 
E-W compression with a range of ~ ±30 mm year−1 (Figure 4d). The subsidence motion 
points to the centre of each subsiding zone (Cigna and Tapete 2021). There is no subsidence 
in areas with exposed bedrock (no sediment), and in fact, these areas have an uplift rate in 
the range of 0–5 mm year−1 (Figure 7a). The uplift ground motion is driven by the well- 
documented background regional tectonics (Ader et al. 2012).

Bivariate analysis of the InSAR vertical velocity and sediment thickness within the 
watershed (Figure 8) indicates a positive correlation between subsidence rates and

Figure 8. (a) InSAR vertical velocity and sediment thickness crossplot within the entire watershed area. 
Each dot represents a pixel value of 130 × 130 m in size. There is a basic positive correlation of 
increased sediment thickness with increasing vertical subsidence velocity around −10 mm year−1. 
A cluster of high subsidence rate points (<-130 mm year−1) is located near Narayanhiti Palace (the red 
contour area in Figure 7). (b) The InSAR vertical velocity and DTM crossplot within the entire 
watershed area. Each dot represents a pixel value of 130 × 130 m. The red vertical line at the zero 
point differentiates those points uplifting and subsiding.
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Figure 9. (a) Stratigraphy column from four deep water wells across the basin shows shallow and deep 
aquifers. This figure illustrates the representative stratigraphic columns of the Kathmandu basin, 
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sediment thickness. The most rapid subsidence rates occur in the area with a sediment 
thickness of ~400 m (marked by red contour in Figure 7a and red coloured point cloud in 
Figure 8a). The crossplot shows the lithological spatial distribution of the response to water 
withdrawal in different lithologies. Maximum subsidence rates could be due to
compaction in sediment with a high clay content (Figure 2). A detailed distribution of the 
density of the points is most likely controlled by lithological heterogeneity in the underlying 
sedimentary succession. The densest points located around −10 mm year−1 are probably from 
a sandy layer in the sediment, which shows a positive linear correlation between sediment 
thickness and subsidence rate. The middle part of the point cloud with subsidence rates from 
−30 to −130 mm year−1 probably results from a clay mixture sediment (Clayey Gravel in 
Figure 2). The four black dots in Figure 7a indicate the deep well locations used for the 
stratigraphic column (Figure 9a). The stratigraphic column at those four available locations 
shows an example of the correlation between subsidence rates and sediment thickness 
(Figure 8a). The information from the stratigraphic columns indicates a complex relationship 
between the deep aquifer thickness and the subsidence rate. This could indicate that the 
subsidence rate is a function of both the shallow and deep aquifers and that the hetero-
geneous nature of the stratigraphy (Figure 2) generates complex groundwater conditions.

To further investigate these patterns, we focus on an area where the elevation of the river 
channels is relatively stable and compare it with the subsidence rates of the surrounding 
floodplains. We select an area from the centre of the Kathmandu Valley where the elevation 
of the river channels is relatively stable (black dotted polygon in Figure 4a) for DTM (Digital 
Terrain Models) and InSAR vertical velocity crossplot (Figure 10). The result shows the 
average vertical subsidence rate at the river channels is −60 mm year−1; however, the 
floodplain has an average subsidence rate of −80 mm year−1. There is a high differential 
subsidence gradient (20 mm year−1) between the river channel and its surrounding areas.

3.2. Linear and sinusoidal signal patterns in the time-series

We chose 10 different locations (triangles in Figure 4a) that characterize the typical signal 
pattern of the time-series (Figure 11a). The time-series pattern shows the character of surface 
movement behaviour at a given location. Location 1 is in the centre of the Kathmandu

based on the lithological logs obtained from deep wells. The locations of these wells are indicated on 
the map (see Figure 7). The basin-fill sediments are categorized into three stratigraphic units. The ‘SG’ 
unit predominantly consists of sand and gravel layers, indicative of paleo-fluvial and early lacustrine 
deposits. These units, including the top weathering surface of the bedrock (‘BR’), exhibit favourable 
aquifer characteristics and serve as a significant water source for deep water tube wells in the basin. 
The ‘Cs’ unit is primarily comprised of clay and silt, interspersed with sandy lenses. It predominantly 
represents lacustrine sediments that deposited during periods where water ponded in the basin. The 
thickness of this unit varies from a few metres to approximately 300 metres. The sandy lenses and silt 
layers within this unit also serve as water sources for water wells in the basin. The top ‘Sa’ represents 
a mainly sandy sequence deposited after the basin drainage. It serves as a suitable aquifer for shallow 
wells, receiving recharge during the rainy season (data source: (DMG 1988; Pandey et al. 2023)). (b) 
Four deep water well locations have been analysed using InSAR time-series to show their LOS 
subsidence rates. In Figure 8a, locations of well P1, P2 and D1 show a clear linear correlation between 
vertical velocity and sediment thickness, while D2 deviates from this trend. Figure 9a illustrates how 
the ambiguous boundaries of D2’s shallow and deep aquifers in the stratigraphic column might 
account for this uncertainty.
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metropolitan region and has the most rapid subsidence rate (line-of-sight velocity −160  
mm year−1). Location 2 is in an area of exposed bedrock in the mountains in the north with ~3  
mm year−1 uplift rate. The time-series from locations 1, 3, 5–10, centred in distinct subsidence 
zones, show a similar trend of long-term linear subsidence (Figure 11a). The seasonal sinu-
soidal annual variation may be masked by the high subsidence rates at those locations, or be 
a signal of deep aquifer-related subsidence with no annual recharge.

Location 4 is located near the Hanumante River, which has a −12 mm year−1 

subsidence rate, and an annual sinusoidal pattern. To confirm this potential annual 
sinusoidal pattern, we average four adjacent pixels at location 4, and compare 
both the ascending and descending time-series to elucidate the sinusoids 
(Figure 11b). Based on both the ascending and descending signals, a convincing 
annual sinusoidal peak occurs around the middle of the year (~July) and is marked 
by red dotted lines in Figure 11b. To pick the sinusoidal peak objectively based on 
the character of the seasonal signal, we fit a sinusoidal curve to the observed time- 
series at location 4 that averages both the ascending and descending results 
(Figure 11b). This fitted sinusoidal signal has an assumed annual variation. For 
other parameters, such as amplitude, phase and slope, we choose the value that 
brings the lowest standard deviation to the curve fit.

4. Discussion

The InSAR-mapped subsidence corresponds to regions in the Kathmandu Valley with 
thicker Pliocene to recent sediment deposits (Figure 1). A broadly positive correlation 
between sediment thickness and subsidence rate suggests that the dominant driver of

Figure 10. InSAR vertical velocity and DTM crossplot. Each dot represents a pixel size of 130 × 130 m. 
The red dots show the points that are along the river channel that cover a 130 m area, due to the pixel 
size. Within a small sample area around the Kathmandu Valley’s central rivers (indicated by the black 
dotted polygon in Figure 4a), linear trends show increasing vertical velocities with rising elevation. The 
lower values along the river channels are likely associated with recharging from the river to its 
immediate surroundings.
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subsidence in this region is not tectonic but is related to the underlying sedimentary 
succession (Figure 8). The broad scatter for large portions of the data in Figure 8(a) is most 
easily explained by the distribution of different lithologies and hence hydraulic properties 
in the Pliocene to Recent succession (Figure 2 and 9). The sediment in the valley contains 
shallow aquifers, clay aquitards and deep aquifers. The sediment compaction mechanisms

Figure 11. (a) Time-series from the ascending frame at 10 different locations indicated in triangles in 
Figure 4a. (b) Averaged time-series at location 4 from both the ascending and descending frames. The 
annual sinusoidal signal is marked by red dotted lines that peak in the month of July. Because the raw 
result from the SBAS-InSAR is velocity from the line-of-sight direction, the time-series plots the 
changes of accumulated line-of-sight displacement with time.
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could be natural compaction of sediment, compaction due to infrastructure and housing 
development or compaction resulting from water extraction. Given that the youngest age 
of the sediment is ca. 35,000 yrs old, then a rate of 200 mm year−1 would equate to 700 m 
of subsidence since deposition of the sediment; this is physically unreasonable if it were 
simply post-depositional compaction, and so other mechanisms are needed. We see no 
evidence of a correlation between density of buildings and subsidence as would be 
expected if urban development had determined the signal (Figure 7b–d). The simplest 
interpretation is that the ongoing subsidence is generated by water extraction as wit-
nessed in other regions such as Mexico City (Cigna and Tapete 2021). The shallow aquifer 
groundwater level from the years 2000–2019 shows no correlation with the InSAR ground 
subsidence rate (Figure S2). The sediment thickness in the deep aquifer is more variable 
than the aquitard and shallow aquifer thicknesses as it fills in an irregular basal unconfor-
mity; this variable thickness in the deep aquifer is therefore the primary control for the 
variation in the total sediment thickness (Figure 2 and 8). This suggests that the thick pile 
of sandy gravel beneath the clay-silt aquitard is the deep aquifer from which the bulk of 
the water has been extracted, causing a tight link between sediment thickness and 
surface subsidence.

The majority of the signal in the time-series is a strong linear subsidence signal in the 
Kathmandu Valley. The time-series that centred in different subsidence zones all show 
a similar signal of long-term linear subsidence with any slight variations from the long- 
term trend mimicked in each of the zones. This similarity in the subsidence signal 
between zones suggests that the deep aquifer is hydrologically connected, and so the 
deep aquifer system behaves with a uniform signal, but varying magnitude (Figure 11a). 
The areas with relative low subsidence rate (~10 mm year−1), with possible dominant 
water extraction from shallow aquifers, show stronger sinusoidal annual variation peaks in 
July during the monsoon season (Figure 11b). The sinusoidal signal is likely from the 
influence of a shallow aquifer, with changes caused by seasonal rainfall, which leads to 
hydraulic head variances in the surface sediment. Decreases in hydraulic head cause 
groundwater outflow, and the result is subsidence. Increases in hydraulic head cause 
groundwater inflow, and result in uplift. The sinusoidal signal reaches annual maxima 
amplitude around July which is within the June–August monsoon season.

Further detailed hydrology studies with integration of InSAR, subsurface lithology and 
DTM are needed. Better documentation of water withdrawal rates from both shallow and 
particularly deep aquifers could provide a better understanding of the compaction at 
depth. Pandey et al. (2010) suggest that less than half of the groundwater extraction from 
the deep aquifer has been recharged annually from the northern margin of the valley, and
our study supports this. Based on built-up urban areas from 2002 (Marconcini et al. 2021) 
and 2020 (Zanaga et al. 2022), the city has significantly expanded to the north margin of 
the valley since 2002 (Figure S3). Reduced natural recharge and unlicensed groundwater 
exploitation will likely result in the subsidence issues continuing, potentially leading to 
irreversible permanent deformation in the deep aquifer's hydrological properties. 
Similarly, irreversible permanent deformation in a deep confined aquifer has been docu-
mented in the Central Valley in California (Faunt et al. 2016).

A clear correlation exists between low subsidence rates and low DTM elevations around 
the valley’s central river channel (Figure 10), indicating possible recharge of the surface 
aquifer groundwater from the river. Bajracharya et al. (2018) use electrical conductivity
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measurements of shallow water wells along the major Kathmandu rivers, to show the 
possibility of polluted river water recharging a shallow aquifer up to 60 m away from river 
channels. Kathmandu Public Health also reported that solid waste disposal into rivers has 
caused water-borne diseases that have been the cause of the high percentage of deaths in 
local areas (Pandey, Chapagain, and Kazama 2010).

The high differential subsidence gradient at the river channel and its surrounding areas 
increases exposure to flood risk. For example, at the Hanumante river channel and its river 
bank area, the vertical subsidence rate difference is ~60 mm year−1. The elevation differ-
ence between the Manahara river bank and its river channel floor is ~20 m, which is 
predicted to vanish in the next 300 years. Historical architectural centres such as the 
Singha Durbar, Narayanhiti Palace and Patan Durbar Square (Figure 7b–d) situated near 
these river channels in the valley, now face increased flood risk.

5. Conclusion

In this study, we analyse spatial and temporal records of ground subsidence in the 
Kathmandu Valley using Sentinel-1 InSAR observations (2015–2021). Subsidence distribu-
tion and rates across the Kathmandu Valley show remarkably rapid subsidence rates in the 
centre of the valley (up to 200 mm year−1). In the Kathmandu Valley subsidence is 
primarily controlled by the thickness of the underlying sedimentary succession, evi-
denced by the positive correlation between sediment thickness and subsidence rate. 
The deep aquifer groundwater extraction is likely to be the first-order control on the 
variable compaction response. However, internal heterogeneity of the sediment packages 
also contributes to the sediment compaction variation. Ground deformation time-series 
reveal a strong linear subsidence signal, further accentuated by the deep aquifer’s 
hydrological connection. River recharge caused differential subsidence gradient could 
potentially increase vulnerability and exposure to flood risk within the valley.

Highlights

● InSAR shows up to 200 mm year-1 subsidence rate since 2015 in the Kathmandu 
Valley.

● Deep aquifer compaction is the main driver of subsidence.
● Time-series show dominant linear subsidence signal, with weak sinusoidal peaks 

related to seasonal aquifer recharge.
● High subsidence gradients around rivers affect flood risk.
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