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Abstract: Differential Synthetic Aperture Radar Interferometry (DInSAR) is a remote sensing
technique that is capable of detecting land surface deformation with centimeter accuracy. In this
research, this technique was applied to two pairs of Advanced Land Observing Satellite (ALOS)
Phased Array L-band SAR (PALSAR) data to detect land subsidence in the Kathmandu valley
from 2007 to 2010. The result revealed several subsidence areas towards the center of the valley
ranging from a maximum of 9.9 km? to a minimum of 1 km? coverage with a maximum velocity of
4.8 cm/year, and a minimum velocity of 1.1 cm/year, respectively. The majority of the subsidence
was observed in old settlement areas with mixed use development. The subsidence depth was found
to gradually increase from the periphery towards the center in almost all detected subsidence areas.
The subsidence depth was found to be in a range of 1 cm to 17 cm. It was found that the concentration
of deep water extraction wells was higher in areas with higher subsidence rates. It was also found
that the detected subsidence area was situated over geological formations mainly consisting of
unconsolidated fine-grained sediments (silica, sand, silt, clay and silty sandy gravel), which is the
major factor affecting the occurrence of land subsidence due to groundwater extraction.
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1. Introduction

1.1. Background

Land subsidence is defined as an environmental geological phenomenon that causes the slow
lowering of ground surface elevation [1]. It is often a result of the natural compaction of sediments
and extraction of ground water, geothermal fluids, oil, gas, coal and other solids through mining [2].
Land subsidence tends to change the topographic gradients, and thus causes infrastructure damage,
ruptures in the land surface, aggravates flooding, causes inundation of land and reduces the capacity of
aquifers to store water; ultimately posing a risk for society and the economy [3]. The occurrence of land
subsidence has been studied in many places around the world, including Tokyo, Japan [4]; Mexico [5];
Saudi Arabia [6]; Texas, USA [7]; Jakarta, Indonesia [8]; Ravenna, Italy [9]; Bangkok, Thailand [10,11];
Pingtung Plain, Taiwan [12]; and China [13].

The driving force behind land subsidence is mainly a combination of a primary factor and an
immediate factor; the primary factor being the existence of unconsolidated sediment deposits that
comprise the aquifer system, and the immediate factor being the diminishing groundwater level [14-16].
An area is potentially prone to land subsidence if a thick sediment deposit prone to consolidation
exists in the subsoil, along with water which is susceptible to being pumped. Lowering of the water
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table due to groundwater harvesting is the triggering factor of subsidence [17]. Nonetheless, even if
the water table is reduced, land subsidence will not occur if the aquifer system lacks the presence of
unconsolidated sediments. It has been found that excessive groundwater exploitation can result in a
slow, but eventually significant, land subsidence [1,18-21]. A close relationship between the amount of
groundwater withdrawal for industrial activities and advancement of land subsidence was recognized
early in Japan during observations made between 1954 and 1960 [22]. Additionally, geology also plays
a vital role in the acceleration of land subsidence. Large amounts of groundwater extraction from
certain types of underlying sediments, such as fine-grained sediments, result in compaction of these
sediments, because the groundwater is partly responsible for the subsurface support. This ultimately
triggers land subsidence [23].

Kathmandu is a bowl-shaped valley with two principle landforms-alluvial and flood
plains-making it even more prone to subsidence. Groundwater has always been a significant source of
the water supply in the Kathmandu valley since the early 1970s [24]. As the water demand started
exceeding the supply, private and governmental institutions started to pump groundwater through
private wells. Visible impacts on water levels were observed during the mid-eighties, when the
Nepal Water Supply Corporation (NWSC) started including groundwater into its supply system [25].
During the nineties, the number of private wells increased so rapidly that the extraction exceeded
the water recharge levels. The constantly increasing population, industrialization and urbanization
have triggered the increase in groundwater consumption. Extraction of groundwater has increased
from 2.3 million-liters-a-day (MLD) in 1979 to 80 MLD in 2011 [26]. Groundwater fulfills nearly 50% of
the total water demand during the wet season and 60-70% during the dry season [27]. Consequently,
annual extraction exceeds recharge, leading to tremendous depletion in groundwater levels. With an
ever-increasing population, development activities and a lack of groundwater resource policy, the water
demand is bound to exerting increasing pressure on the groundwater table. This, in turn, will result
in aquifer compaction in areas consisting of highly compressible clay and silt layers, raising the
risk of land subsidence [28]. Also, considering the relation of groundwater exploitation and land
subsidence from the case studies of various countries, it can be assumed that the same may occur in
the Kathmandu valley, as well. Nonetheless, no published research has been done, to the authors’
knowledge, to determine if land subsidence is actually taking place to ground water extraction;
therefore, no evidence of land subsidence in the Kathmandu valley is available [24].

Research has been done focusing on the land deformation caused by the crustal movements
in the region. On 25 April 2015, a devastating earthquake of Mw 7.8 struck central Nepal. It was
followed by a strong aftershock of Mw 7.3 on 12 May 2015, and many other aftershocks greater than
Mw 6 thereafter. This earthquake was a result of stress released from the under thrust movement
of the Indian tectonic plate beneath the Eurasian tectonic plate [29]. The earthquake ruptured the
Main Himalayan Thrust fault (MHT), which stopped halfway at 11 km under the Kathmandu valley.
Therefore, there are chances of a future fault rupture on the surface [30]. Uplift of approximately
1 m was observed 20 km northeast of Kathmandu city at longitude/latitude 27.74/85.50°, and local
subsidence was observed to the north of the city [29,31]. The data inventory of the historical occurrence
of great Himalayan earthquakes is sporadic, due to the complexity of evaluating these events [31-33].
Also, the rupture location identity and the return time is difficult to predict [34]. Therefore, it is difficult
to conduct seismic hazard assessment in highly-populated regions near the Himalayas [35].

It was only after this event that a few works mentioned subsidence, with the sole cause being the
earthquake [29,36]. A developing country, recently struck by a natural disaster, is rebuilding; and if
subjects like land subsidence, which have been troubling the globe, are not addressed immediately,
then the consequences could be unaffordable. Therefore, mapping, continuous monitoring and risk
assessment of land subsidence is critical in a place like the Kathmandu valley.

Differential Synthetic Aperture Radar interferometry (DInSAR) is an advanced remote sensing
tool that has the ability to map displacements over vast areas at a very high spatial resolution,
at a lower cost than other conventional techniques, such as GPS, topographic measure and
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extensometers [37]. Previously, several researchers have applied this method to map and monitor
groundwater extraction-induced subsidence all around the world with successful results. For example,
in Antelope Valley, California [38]; Coachella Valley, California [39]; Kolkata, India [40]; Iran [41];
Jakarta [42]; and Alto Guadalentin Basin, Spain [43].

1.2. Relevant Literature

Land subsidence has been a global problem for a very long time. Many studies have and are being
conducted throughout the world by applying remote sensing techniques [2,37-40,42,44-48]. Reviewing
case histories of geologically similar areas can give the impression of a possible land subsidence trend.
Some similar studies are as follows:

A study conducted by Strozzi et al., 1999 [2] in a valley of Mexico City that is built on highly
compressible lacustrine clays with high ground water extraction values showed results of land
subsidence velocity of more than 30 cm/year in some areas. Seven ERS-1/2 SAR images pairs
from December 1995 to September 1997 were processed using differential SAR interferometry to map
land subsidence.

Amelung et al., 1999 detected land subsidence in Las Vegas, Nevada, United States between
1992 and 1997 by using InSAR technique. A maximum subsidence of 19 cm during the observation
period was observed by utilizing two SAR images acquired by the ERS satellite. The study also
concluded that the extent of the subsidence was dependent on the geological structure and sediment
composition of the location [49].

Another study conducted by Boni et al. [43] in 2015 revealed that the Alto Gudalentin Basin
in southern Spain had up to 2.5 m cumulated subsidence between 1992 and 2012. The DInSAR
technique was applied to four datasets of SAR images obtained from ERS-1/2, ENVISAT, ALOS and
COSMO-SkyMed satellites to obtain land subsidence evolution within a twenty-year period. It was
found that the ground displacement was directly correlated with the thickness of the compressible
alluvial deposits. The authors also suggest that the detected land subsidence over the past 20 years is
a consequence of 100-200 m groundwater drop caused by overexploitation of the Alto Guadalentin
aquifer system.

A study conducted by Calo et al., 2015 in Istanbul Megacity, Turkey, where the major geological
constituents are mainly composed of clay, sand, gravel and silt, revealed subsidence occurrence
over urbanized areas during the observation period of 2010-2012. The SBAS (Small Baseline Subset)
DInSAR technique was applied to 43 TerraSAR-X data, which revealed an average subsidence velocity
of 3 cm/year, with most of the detected subsidence found to be occurring in the Quaternary layers [50].

1.3. Scope

Little is known about land subsidence, and very few studies are being conducted, in Nepal.
Therefore, the outcome of this research will help build our understanding of the current situation,
allowing the development of prevention techniques and risk management. After verifying the accuracy
of this result by comparing it with land measurement data and field survey, it is expected that it will
be useful for the government and interested stakeholders for the promotion of a better understanding
of the situation for sustainable development and policy-making for disaster prevention.

The results from this study could serve as a significant benchmark for the Kathmandu Valley,
Nepal, as it is developing towards sustainable urbanization, but lacks proper data and research.

1.4. Objective

The main objective of this research is to detect land subsidence in the Kathmandu valley by
the application of the Differential Synthetic Aperture Radar Interferometry (DINSAR) technique
to Advanced Land Observing Satellite (ALOS) Phased Array L-band Synthetic Aperture Radar
(PALSAR) data.
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2. Materials and Methodology

2.1. Study Area

The Kathmandu valley, the largest urban agglomerate of Nepal, is located between 27°34/33"
and 27°49'4” N latitudes and 85°11'19” and 85°34'57" E longitudes, covering an area of 654.7 km?.
The valley consists of three major cities: namely, Kathmandu, the capital city; Bhaktapur and Lalitpur,
ancient cultural gem cities. The population density is 2793 people per square kilometer as of the
2011 census. The average elevation is approximately 1400 m above sea level. This bowl-shaped valley
is filled with more than 550 m thick lacustrine and fluvial deposits [51], which make it prone to land
subsidence. The Landsat image of the Kathmandu valley is shown in Figure 1.

Geology of the Kathmandu valley: the Kathmandu valley is surrounded by the Shivapuri
mountain range (2732 m) in the North, the Phulchauki mountain range (2762 m) in the south,
the Nagarkot mountain range (1895 m) in the east and the Chandragiri mountain range (2356 m)
in the west [52]. The main geological composition of the Kathmandu valley is quaternary sediment
over basement rock [53]. The basement rock is formed by Precambrian to Devonian rocks, which
mainly consist of limestone, dolomite, slate, metasandstone, phyllite, marble, schist, quartzite and
garnet-schist [54]. The quaternary sediment consists of thick (more than 650 m deep), semi-consolidated
fluvio-lacustrine sediments from the Pliocene to the Pleistocene age [54]. It is composed of fine-to
coarse-grained sand, gravel, clay, silt, peat, lignite and diatomite [55]. The geological map of the
Kathmandu valley is shown in Figure 2.
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Figure 1. Landsat Image of the Kathmandu valley, observed on 10 November 2016.
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Figure 2. Geological map of the Kathmandu basin (Source: [56]).

2.2. Data

Three ALOS PALSAR fine-mode, single-polarization data, acquired at different acquisition times
between 2007 and 2010 with identical observation parameters—like path/row 510/54, off nadir
angle 34.3°—were selected for this research. The details of the two pairs generated from this data are
shown in Table 1, below. Since a perpendicular baseline value between 150 to 450 m gives the best
interferogram result [57], this factor was also considered while selecting the pairs of images. The data
used in this research was purchased from Japan Space Systems.

Also, a Digital Elevation Model (DEM) was extracted from Shuttle Radar Topography Mission
(SRTM) 1 Arc second (resolution of 30 m) global elevation data. This data was downloaded from
theEarth explorer data portal.

Table 1. ALOS PALSAR data pair information.

InSAR Pair Observation Date Interval (Days) Perpendicular Baseline (m)
2 November 2007
Pair 1 138 417
19 March 2008
2 November 2007
Pair 2 828 257

7 February 2010
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2.3. Methodology

Synthetic Aperture Radar (SAR) is a system able to obtain high-resolution, complex images from
wide areas of terrain, usually located on board an orbital or airborne platform, but also useable in
ground based deployments [58]. DINSAR is a remote sensing technique useful for detecting land
displacement or deformation accurately for a wide coverage area by utilizing the phase difference
between two or more sets of SAR data taken at different acquisition times. The phase difference
between an interferometry data pair can be expressed as follows:

Int = ¢disp + patm + gnoise + gtopo + ¢flat (1)

where @disp refers to the phase difference from ground displacement along the slant range; patm
refers to the atmospheric effect; gnoise refers to the noise from the radar instrument and temporal
deceleration; gtopo refers to the topographic height information; and ¢flat refers to the assumption of
an ideally flat earth terrain [42]. In the DINSAR technique, the ground displacement is estimated to
be in a slant range direction; therefore, Equation (2) can be used to obtain ground displacement in a
vertical direction [59].

Az = Asl cosb (2)

where Az is ground displacement in a vertical direction; Asl is ground displacement in a slant
range; and 0 is the incidence angle, which is assumed to be 34.3°, which is as same as the sensor’s
off-nadir angle.

In this study, the DInSAR technique was performed using the SARSCAPE module in ENVI
software to detect land subsidence in the Kathmandu valley. The method of DINSAR processing is
explained step by step as follows:

Focusing: The purpose of this first step is to collect the energy dispersed in both azimuth and
range directions in the raw (level 1.0 product) ALOS PALSAR data into a single pixel (i.e., Single Look
Complex (SLC) image), which can be used for further processing.

Multilooking and Co-registration: In this step, the SLC images are divided into different looks,
characterized by different frequencies in order to reduce the speckle due to constructive and destructive
interferences between the different backscattered signals from the different ground targets [60].
Image co-registration is the process of superimposing two or more SAR images in the slant range
geometry. [61].

Interferogram Generation and Flattening: After image co-registration, where the master and slave
images are precisely overlaid with an accuracy within fractions of a pixel to compute the phase
difference between them, an interferometric phase is generated by multiplying the master image
by the complex conjugate of the slave image. The variable viewing angles of the terrain can cause
range spectra shifts, and the different Doppler can cause azimuth spectra shifts. An azimuth filter
is applied during the interferogram generation to fully capture the scene’s potential coherence [61].
The constant height of the terrain results in parallel (flat earth) fringes along the range direction in the
generated interferogram. A pre-existing DEM of 30 m resolution from SRTM is applied to simulate the
topographic phase to obtain a flattened interferogram.

Adaptive Filtering and Coherence Generation: The noise from radar instruments and temporal
deceleration is removed by applying the Goldstein-Werner filtering process to the noisy
interferogram [62]. Coherence is a measure of interferogram quality. It is calculated as the ratio
between coherent and incoherent summations of two co-registered SAR images. A coherence value
approaching 1 suggests that the two pixels are correlated and there is no phase noise; whereas a
coherence value of 0 (black = 0) suggests that the two pixels are decorrelated and there is phase noise,
and thus should not be considered for further processing.

Phase Unwrapping: The flattened and filtered interferogram obtained from the earlier processing
always has a phase value within a range of 0 to 27t, which means that every time the phase change



Land 2017, 6, 39 7 of 17

exceeds 27, the phase value starts with 0 again and the cycle repeats itself. This is called 27t ambiguity
and phase unwrapping resolves this problem.

Refinement and Reflattening: Orbital correction has great significance for the accurate transformation
of phase information to height information. Therefore, Ground Control Points appointed on DEM are
used to calculate the absolute phase, and refine the orbits.

Phase to Displacement Conversion and Geocoding: The obtained phase information is converted
into displacement using Equations (1) and (2), and is finally projected onto a standard geographic
coordinate system, thus generating a displacement map.

3. Result and Discussion

The coherence image of each pair for the study area is shown in Figure 3. A coherence value close
to 1 (i.e., white color) indicates that there is no phase noise, whereas a coherence value of 0 (i.e., black
color) indicates that there is only phase noise. Areas with high coherence (coherence value 1) display
clear interferogram patterns in the interferogram image, whereas areas with low coherence (coherence
value 0) displays noisy interferogram patterns. Good coherence is seen in both of our pairs; therefore,
they can be considered for interferogram generation.

0 Coherence 1

Figure 3. Coherence image of Pair 1 (2 November 2007and 19 March 2008) and Pair 2 (2 November 2007
and 7 February 2010) obtained from DINSAR processing.

The DInSAR interferogram of the Kathmandu valley for the observation interval 2 November 2007
to 7 February 2010 is shown in Figure 4. Interferogram fringes can be seen in various areas which
indicates the occurrence of land deformation. An area where the color turns from blue to pink to
yellow to green is considered to be affected by land subsidence, whereas the area where the color
turns from blue to green to yellow to pink is considered to be affected by land uplift. Figure 4 clearly
indicates the occurrence of land subsidence. It is noticeable that some fringes on the south-eastern
part do not display clear patterns. This is because interference cannot easily occur in inclined ground
surfaces, and this part of the study area is a hilly region.

Figure 5 shows the subsidence contour with displacement values in centimeters for the land
subsidence-affected areas, which are indicated by points L1-L8. A significant linear feature striking
NW-SE can be seen in Figure 5. The pattern displayed by ground deformations may depict the
underlying structural arrangement of a location [63]. Referring to Figures 2 and 9, it can be said that
the subsidence pattern obtained here is modulated by the underlying sediments. Clear linear features
can be observed parallel to the fluvio-deltaic facies and lacustrine facies boundary.

Location L1, in central Kathmandu, shows the maximum amount of subsidence (17 cm). It is
a mixed-use development area (a type of urban development that comprises an amalgamation of
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residential, commercial, cultural, institutional, and/or industrial uses, along with their physical and
functional integration, including pedestrian connections [64]). Location L2—Chauni and periphery—
is an old settlement area with an army camp and ancient museum covering most of the subsidence
zone. Location L3—Lalitpur—is also an old mixed-use settlement area. Location L4—Imadol
and periphery—is a location on the outskirts of the Kathmandu city urban center, which is
gradually changing from farmland/cropland into urban land use. This location also has a small
number of brick kilns, which might be affecting the ground surface elevation. Location L5—Thimi
and periphery—is a mixed-use settlement area with croplands on the north-eastern side of the
subsidence zone. Location L6—Madhyapur Thimi—is mostly cropland with a few residential areas
(spots), but is gradually being urbanized by land plotting. Location L7—New Baneshwor and
Koteshwor—are also mixed-use settlement areas, with the majority being commercial buildings.
Location L8—Gothatar—mostly consists of croplands with a few residential buildings, along with a
small northern portion of the international airport runway. The outskirts of the valley are mostly rural,
but urbanization is slowly spreading from the center of the valley towards the periphery. A Google
Earth image displaying portions of location is shown in Figure 6.
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Figure 4. Differential interferogram for Kathmandu Valley from 2 November 2007 to 7 February 2010
obtained from DInSAR processing.
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Google Earth

Figure 6. Google Earth images from the year 2011 showing portions of land subsidence Locations L1 to L8.

Figure 7 shows the location of destroyed structures as a result of the Mw 7.8 2015 Gorkha
Earthquake. Maximum destruction can be observed in the location corresponding to the maximum
subsidence (i.e., Location L1) whereas other locations show less destruction. The factor contributing to
this might also be the fact that Location L1 consists of portions of very old settlement area where old,

weak buildings were abundant.
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Figure 7. Grading map showing the location of destroyed structures due to 2015 Gorkha earthquake
indicated by red dots. (Source: European Commission Copernicus Emergency Management Service).

The subsidence coverage area and maximum subsidence depth of each location is shown in Table 2.
Subsidence depths less than 2 cm have not been considered when calculating the coverage area.
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Table 2. Detailed information of areas affected by land subsidence.

Location Location Name Location Specification Subsidence Coverage Maximum Subsidence
Point P Area (km?) Depth (cm)

L1 Central Kathmandu Mixed-use development 9.9 17

L2 Chauni Old Army Camp 2.5 11

L3 Lalitpur Mixed-use development 7.7 14
Residential and cropland

L4 Imadol with few brick kilns 57 1

L5 Thimi Mixed-use development 3.0 11

L6 Madhyapur Thimi Mixed-use development 2.0 11

L7 New Baneshwor and Mixed-use development 21 8

Koteshwor

Residential and cropland

L8 Gothatar with portion of airport 1.0 5

runway

Comparison with groundwater: the Kathmandu valley generally consists of three hydrogeologic
layers: namely, shallow aquifer, aquitard and deep aquifer. The shallow aquifer is thicker towards
the north of the valley’s groundwater basin, whereas the deep aquifer is thicker towards the central
and southern part. The main natural recharge area is towards the northern part, and a small area
contributing to recharge is located towards the southern part [24]. Locations L1, L7 and L8 lie on the
northern part of the groundwater basin, where the shallow aquifer is thicker; whereas Locations L3,
L4, L5 and L6 lie on the central and southern part of the groundwater basin, where the deep aquifer is
thicker. As mentioned in the background, earlier, the Kathmandu valley mainly relies on groundwater
as the main source of water. According to the Kathmandu Valley Water Supply Management Board,
the use of deep tube-well pumps for water extraction from deep aquifers is dominant throughout the
valley. The depth of deep tube wells mainly lies in a range of 30 to 300 m, and the daily discharge
ranges from 3000 liters per day to 400,000 liters per day. Figure 8 shows the locations of registered deep
tube wells in the Kathmandu valley. We can see that the concentration of wells is denser at Location L1
where the subsidence is highest, and sparse in other locations where the subsidence amount is lower.
However, there are many unregistered wells throughout the valley with no information on their depth
and discharge, which makes it difficult find an exact relation. Nonetheless, considering the density of
urban build-up (refer to Figure 6), it can be assumed that the concentration of deep tube wells will be
higher at Locations L1, L2, L3 and L7. Also, the occurrence of land subsidence is a combined effect
of groundwater extraction and vulnerable hydrogeology, which might result in subsidence at places
other than the site of extraction [65]. Therefore, comprehensive study of the groundwater extraction
and recharge ability of the aquifer, which has not been included in this research, should be done in
order to find the exact relationship.

However, it has been found through various literature reviews that extensive water extraction
is one of the main causes of land subsidence. From the results obtained from this research, we can
consider that water extraction does have a relation with land subsidence. But detailed study needs
to be done to find the exact cause, as land subsidence is a very complex phenomenon, affected by
various factors.



Land 2017, 6, 39 12 of 17

——
Forest

naSIha A S
" .
5 1 ng -! 9 athafiol
Sw amhhu ChangU Haryal 1
S aKimdol ¢
T Fa4.
F93
Wa
Qpwiakol
b @ua Lakhaju Tole
@ Maghar Gau o
10 160 1O il # 2] 2
&l 7gP Chowk o yo, g
m* %Qwsa ® N w” . Sano Thimi 3 (woni
J 5 36 Nz @aleshwo: 320@ 2 7
WEN 7 ® p@r;]sk a0 Ty o Kamal Binayak
irtipu NS O JO Kaishaltar o sandgyn Bony ®
Dhokashi %, 222yaiakhel Pataegi 339 264 32 g7 . Bhaktapur sy
Pd"gd 8y e ® Sacadibalt
Gamcha 8 S g heflikhel
_ Ekantakuna L@Eé\k}-"‘?
106 ; Katunje ISR A
L-® e ® Bhbradhikur
&
Satdobato
f072 sirutar’
Khimaltar G g
252 . )
Nakhiporgy®@, . 5 g Dadhikot =
@ Siddhipur unehinayok
61 @5“’ @ Privately operated ws\l
Lubhu @ Biruwa WeH under mommrmg{

@ ohap h:\g’m
E o i’
Harisidéhi “2& A \ (
3 matar

Figure 8. Location of registered deep well in Kathmandu Valley. (Source: Kathmandu valley water

supply management board).

Comparison with geology: The land subsidence map generated by DINSAR processing in this
research was compared briefly with the geological map of the Kathmandu valley. Figure 9 shows the
subsidence contour map overlaid on the geological map of the Kathmandu valley. The maximum
amount of subsidence (indicated by the red color in Figure 5) can be seen over the Gokarna Formation.
This formation is mainly composed of a sands terrace from fluvio-lacustrine origins [55]. Also, a thick
array of sandy and silty sediments without clay content was observed from the extensive borehole data
of this formation [66]. Similarly, Locations L5, L7 and L8 are also situated over the Gokarna Formation.
Locations L2, L4, L6 and small portions of Locations L3 and L7 are situated over the Kalimati Formation.
Kalimati is a local name for black clay. According to Sakai (2001) [66], the predominant constituent
of this formation is dark grey carbonaceous and diatomaceous (naturally occurring, soft siliceous
sedimentary rock that is easily crumbled into a fine white to off-white powder) beds of open lacustrine
rocks that are widely distributed underneath the surface of the central portion of the Kathmandu
valley. It can also be seen in Figure 9 that a larger portion of Location L3 is situated over the Chapagaon
Formation. This formation consists of somewhat rounded silty sandy gravel, occasionally with a
boulder bed covered with a layer less than 1 m thick of clayey silt and silty sand [67].

From the above description, it can be summarized that land subsidence was observed mainly over
three kinds of geological formations; namely, Kalimati, Gokarna and Chapagaon Formations. The main
constituents of these formations are silica, sand, silt, clay and silty sandy gravel. As mentioned in
relation to the mechanisms of land subsidence earlier, the major factor in occurrence of land subsidence
due to ground water extraction is the presence of unconsolidated fine-grained sediments—mainly
clay and silt—in an aquifer system. Hence, the relationship between geology and land subsidence
occurrence can be established from this study.

These constituents are the main contents of the geology of the Kathmandu valley, and are spread
throughout the valley, with the result being that the primary factor (i.e., geology) for subsidence
occurrence is prevalent. Therefore, it can be said that the triggering/immediate factor (i.e., groundwater
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characteristics) for subsidence occurrence is the major factor that determines the occurrence of land
subsidence in the study area.

Nevertheless, land subsidence is a complex phenomenon, and this research is just a preliminary
study that intends to provide basic evidence of land subsidence in the study area. This study can serve
as a base for more comprehensive study in the future.
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Figure 9. Subsidence contour overlaid on a geological map of the Kathmandu valley. (Geological map
adapted from an engineering and environmental geological map of the Kathmandu valley, Department
of Mines and Geology, Government of Nepal by [68].

4. Conclusions

Land subsidence occurrence in the urban Kathmandu valley was detected by the application
of the Differential Synthetic Aperture Radar Interferometry (DInSAR) technique to Advanced Land
Observation Satellite Phased L-band SAR (ALOS-PALSAR) data. Most of the subsidence was found to
have occurred in the center of the valley, where the population density is relatively higher than the
surroundings. Also, the majority of the subsidence region comprised mixed-used development areas,
where ground water extractions can be assumed to be at higher levels. The generated subsidence map
was further studied on the basis of groundwater extraction and the geology of the Kathmandu valley.
It was found that the concentration of groundwater discharge units was higher in locations detected
to have high amounts of subsidence. Due to the complex nature of subsidence occurrence, and the
involvement of many factors in such phenomena, detailed study is required to find the exact cause.
Also, due to the non-existence of previous land subsidence measurement data and the difficulty of
obtaining the GPS measurement data, the subsidence results were not able to be validated. In spite
of this, the results can be considered acceptable, owing to the fact that DINSAR is a well-established
methodology known to give accurate results for land deformation in urban areas.

However, very little study has been done in Nepal as of now, so the result of this research can
serve as a basis for many further detailed studies. DINSAR was applied to ALOS PALSAR data to
detect land subsidence in the Kathmandu valley because ALOS PALSAR covers a large area, and since
no study relating to land subsidence had previously been conducted in the study area, it would serve
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as the best option for identifying subsidence zones. Now that this study reveals the areas affected
by subsidence, Persistent Scatterer INSAR technique can be used to obtain subsidence values in the
affected areas with millimeter accuracy. Also, other SAR data with shorter wavelengths, like X-band or
C-band can be used to focus on the area most affected. Also, in this study, only a few pairs of SAR
data were used; using more pairs of SAR data would provide better coherence, resulting in more
accurate outcomes.
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