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ABSTRACT

Land subsidence is identified as a global problem and intensive studies are being conducted
worldwide to detect and monitor this problem. However, in Nepal no research has been done
regarding subsidence even though the existing conditions indicate the probability of subsidence
occurrence. Therefore, this study will be the first to detect land subsidence and assess its risk in

Kathmandu valley, Nepal.

Differential Synthetic Aperture Radar Interferometry (DINSAR) is a remote sensing technique that
is capable of detecting land surface deformation with centimeter accuracy with a large spatial
coverage. 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
Kathmandu valley from 2007 to 2010. DInSAR was also applied to three pairs of ALOS 2
PALSAR 2 data (from 2014 to 2015) to detect land subsidence in Kathmandu valley after the 2015
Gorkha earthquake event and see if the earthquake event had any effect on the subsidence.

Risk assessment is simply an evaluation of the probability and frequency of occurrence of a
hazardous event, exposure of people and property to the hazard and consequence of that exposure.
Disaster Risk Index method, Analytic Hierarchy Process (AHP) along with Geographic
Information System (GIS) tools were used to assess risk of land subsidence in Kathmandu Valley,

Nepal.

The DINnSAR result for ALOS PALSAR data 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. Majority of
the subsidence was observed in old settlement areas with mixed use development namely, Central
Kathmandu, Chauni, Lalitpur, Imadol, Thimi, Madhyapur Thimi, New Baneshwor, Koteshwor and
Gothatar. The subsidence depth was found to be gradually increasing from the periphery towards
a center in almost all detected subsidence area. The subsidence depth was found to be in a range
of 1 cm to 17 cm and the maximum subsidence velocity was found to be 4.8 cm/yr. The subsidence

volume for each subsidence affected area was also calculated using a simple mathematical formula.
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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 silica, sand, silt, clay and silty sandy gravel.

DINSAR results for ALOS 2 PALSAR 2 revealed that no difference was found in the location of
subsidence occurrence to that from 2007 to 2010 data. However, a little change in velocity and
area covered were observed. The subsidence depth was found to be in a range of 1cm to 25 cm.

The maximum subsidence velocity was found to be 15 cm/yr.

The location where maximum subsidence was observed (i.e. Maximum depth of 17 cm and 14 cm
in Central Kathmandu and Lalitpur) was found to at high risk of experiencing land subsidence
induced damage. Other location where subsidence was observed was found to be at medium risk

and the rest of the Kathmandu valley was found to be at low risk with current data situation.

Due to lack of previous land subsidence measurement data and difficulty to acquire GPS
measurement data, the outcomes of this study have not been validated. But, owing to that fact that
DInSAR is a well-developed methodology that has been capable of accurately detecting land
subsidence is similar location to that of Kathmandu valley, the accuracy can be assumed to be

acceptable.

This study can be considered as the first step towards other comprehensive study relating to land
subsidence. The outcome of this research provides a basic understanding of the current situation

that can further assist in developing prevention and risk management techniques.



ACKNOWLEDGEMENT

I would like to express my sincere gratitude to Graduate School of Science for providing the
opportunity to conduct my PhD at Chiba University. |1 would also like to extend my deepest
gratitude to Prof. Dr. Ryutaro Tateishi for his guidance and supervision during the initial stages
of this research and Prof. Dr. Akihiko Kondoh for his guidance and supervision during the final
stages of the research. This research would not have been possible without the constant valuable
advices from both the supervisors. 1 am blessed to have such encouraging and supporting

Supervisors.

I would also like to take this opportunity to thank my reviewers Dr. Sci. Atsushi Higuchi (CEReS),
Prof. Dr. Kazuhito Ichii (CEReS) and Prof. Dr. Nozomu Takeuchi for their precious comments

and advices which helped me improve this dissertation.

| would specially like to thank the Super Global University- Ministry of Education, Culture,
Sports, Science and Technology (SGU-MEXT) scholarship for financially supporting the
educational expenses during the period of this research. | would also like to thank Jspacesystems
for providing the necessary ALOS PALSAR data. The ALOS 2 PALSAR 2 data was obtained
from Japan Aerospace Exploration Agency (JAXA) under the Research Agreement for the
Advanced Land Observing Satellite-2 with the help of Aikebaier Maitiniyazi. |1 would like to
thank both for providing the necessary data. | acknowledge Kathmandu Valley Water Supply
Management Board (KVWSMB), Ministry of Water Supply and Sanitation, Kathmandu
Valley Development Authority (KVDA) and National Accounts Section, Central Bureau of

Statistics, Government of Nepal for providing necessary data to conduct this study.

| express my acknowledgement to Toshiyuki Kobayashi and Tomohiro Shirahata for tutoring
me and helping me with the Japanese translations and basic daily life matter of Japan. | am also
grateful to Haireti Alifu, Aikebaier Maitiniyazi and Ayihumaier Halipu for their immense help
during my research. |1 would also like to acknowledge the help of all the members of Tateishi lab
and Kondoh lab.



I would also like to thank my brother Suyesh Bhattarai for his suggestions, encouragement and
helping me obtain all the necessary data from Nepal. A special thanks to my husband Nikhil Raj
Poudyal for his constant encouragement, guidance, suggestions and support; Thank you for
making my life so much easier. | would also like to thank my parents, parents-in-law, and all my

family members and friends for their encouragement and moral support during my PhD study.

A very special gratitude goes out to my 19 months old daughter Vedanshi Poudyal; achieving my

goal would have been impossible without her love and patience... I owe this degree to her.
Finally, I would like to thank GOD for everything.

Thank you all for your support and encouragement!

Richa Bhattarai



TABLE OF CONTENTS

ABSTRACT .ttt b e Rt E e r e 2
ACKNOWIBAGEMENT ... et e e te et e e s e e be et e sneesteeeeareesreeneens 4
TADIE OF CONENTS ... bbbttt r bbb b 6
ST OF FIQUIES ...ttt ettt e s e s et e te e st e et e e beeneenaeebeeneenbeanee s 8
LISE OF TADIES ... bbbt 11
1. INTRODUCGTION L.ttt sttt bttt sba et e et et e e nne e 12
1.1 BACKGIOUNG ... bbbttt 12
1.2 Objectives of the RESEAICN ..........oviiiie e 15
1.3 SCOPE OF the RESEAICH ..ot 16
14 SEUOY ATBA...c.eiiiiiieiiitete ettt bbbttt b et b e bttt h e et et et bbbt ere s 16
1.5 SEruCture Of the TNESIS........oiiiiiieie s 23
2. LITRETURE REVIEW ...t 24
2.1 Land SUBSTABNCE ..o 24
2.1.1  Mechanism of Land SUDSIAENCE..........cccoieriiiriercerce e 25
2.1.2  Land Subsidence in Kathmandu valley, Nepal............ccccoeeeeeinieiiiiieeeree 26
2.1.3  Effect of 2015 Gorkha Earthquake in Kathmandu Valley...........c.cccoovvvevivirncirrnnnene. 28

2.2 Introduction to Microwave REmMOE SENSING........courrurriiririririesiseeeee e 30
2.2.1  Introduction to Radar INterferOmMetry..........cccovvvireeeiecceeeeeeee s 32
2.2.2  Introduction to ALOS PALSAR and ALOS 2 PALSAR 2 ......cccoovvniivenrniccienns 38

2.3 Risk Assessment of Land SUDSIAENCE ..........cooiiiiiiiiiiie e 40



3. METHODOLOGY ....ooiiiiiiiiiiii e s 43

L DA et s 43
3.2  Methodology for Land Subsidence Mapping........cccccoveiveiieieeneeiesieese e see e eeesnee s 45
3.2.1  Methodology for Volume EStIMation ...........cccceoeiiviriiiriiririeeeee e 52

3.3 Methodology for RiSK ASSESSIMENT .........ccuviieiieieeie et 54
3.3.1  Disaster Risk INdeX MEtNOQ...........cccriuiiriiirricier e 54
3.3.2  Analytic Hierarchy Process (AHP) ..o 55

4. RESULT AND DISCUSSION ...ttt 59
4.1  Land Subsidence Mapping using ALOS PALSAR data...........cccccccvvveieeneiiieiecceenn, 59
4.2 Land Subsidence Mapping using ALOS 2 PALSAR 2 data..........c.ccccevvevviiininecieennenn, 69
4.3  Risk Assessment of Land SUBSIAENCE...........ccoviiiiiiiiiic e 77
4.3.1  Land Subsidence Hazard EVAIUALION ...........ccooviiuriieiniiienieieceisceseeeee e 78
4.3.2  Land Subsidence Vulnerability Evaluation ..............cccccoovvirieieececeeeeeeeeeee 80
4.3.3  Land Subsidence RiSK EVAIUALION.........c.coceueiiciniiiciicenceccieee e 82

5. CONCLUSION AND RECOMMENDATION .......coiiiiieiieeeee e 88
5.1 CONCIUSTON. ...ttt bbbt b et b bbbt 88
5.2 Recommendation for fUtUre reSearch ..o 90
List Of PUBIISNE PAPEIS.......cvieiei e 91
R EIENICES ... et bbbttt 93
AANINEX .t r e 113
Appendix 1: Analytical Hierarchy Process calculation sheet for hazard mapping............... 113
Appendix 2 : Analytical Hierarchy Process calculation sheet for vulnerability mapping...... 114

7



PUBLISHED PAPERS. ... 115

1. Detection of Land Subsidence in Kathmandu Valley, Nepal, using DINSAR Technique
(2017). Land, volume 6(2):39.

2. Risk Assessment of Land Subsidence in Kathmandu Valley, Nepal using Remote Sensing

and GIS (2017). Advances in Remote Sensing, volume 6.

LIST OF FIGURES

Chapter 1

Figure 1.1 Study Area: Landsat Image of Kathmandu Valley observed on 10" November

200 e, 17
Figure 1.2 Geological Map of Kathmandu valley................coooiiiiiiiiiiiiiee, 19
Figure 1.3 A geological cross-section of Kathmandu Basin...................ccoooviiiiiiiinnn.. 20
Figurel.4 Contour map of the Basement Topography of Kathmandu Basin........................ 21

Figure 1.5 Kathmandu Valley map showing river networks, groundwater basin extent, recharge

areas and UrbaniZation E€XTENT. ... ... ... e e 22



Chapter 2
Figure 2.1 Mechanism of Land subsidence due to aquifer compaction.............................. 26
Figure 2.2 Geodynamic map of Nepal Showing SRTM topography, fault lines etc................ 28

Figure 2.3 Displacement caused by Gorkha 2015 earthquake obtained from Sentinel 1A satellite

QA e 29
Figure 2.4 Electromagnetic SPeCtIUML. ........uiuuiiiiiitt ettt e ee e e e eaeeaaeenans 30
Figure 2.5 Radar System GeOmMEtrY........ovuuiitiiiit i e e eaens 35
Figure 2.6 Geometric distortions of radar System.............cooiiiiiiiiiiiiiiiieeeeae 35
Chapter 3
Figure 3.1 Methodology Flowchart for DINSAR processing............ocoeeveiiiiniiininiinenennnn, 46
Figure 3.2 (A) Focused ALOS PALSAR data (B) Multilooked ALOS PALSAR data............. 47
Figure 3.3 Interferogram generated from ALOS PALSAR data.................coooiiiinia.. 49
Figure 3.4 Flattened Interferogram generated from ALOS PALSAR data........................... 49
Figure 3.5 (A) Filtered Interferogram (B) Unwrapped Phase image...................cooviinenn. 50
Figure 3.6 Phase Unwrapping ProCess..........ovuiuiiuiiuiiiii i 51
Figure 3.7 (A) Refined Interferogram (B) Geocoded Phase to Displacement Image................ 51
Figure 3.8 Dual Pair DINSAR Flowchart...... ..o 52
Figure 3.9 Cone model for volume estimation of land subsidence......................coeiini. 53
Figure 3.10 Methodology flowchart for Risk assessment. ... 58
Chapter 4
Figure 4.1 Coherence image for all data pairused...............ccoiiiiiiiiiiii e 59



Figure 4.2 Differential Interferogram for Kathmandu Valley from 2002/11/02 to 2010/02/07...60
Figure 4.3 Subsidence contour with displacement values in centimeter ............................. 61
Figure 4.4 Google Earth image from year 2011 showing portions of land subsidence location...64
Figure 4.5 Location of registered deep-well pump in land subsidence locations.................... 67
Figure 4.6 Subsidence contour overlaid on geological map of Kathmandu valley.................. 68
Figure 4.7 Differential Interferogram for Kathmandu valley from 2014/11/07 to 2015/05/08....70
Figure 4.8 Differential Interferogram for Kathmandu valley from 2015/05/08 to 2015/07/03....71
Figure 4.9 Differential Interferogram for Kathmandu valley from 2015/07/03 to 2015/10/23....72
Figure 4.10 Differential Interferogram for Kathmandu valley from 2014/11/07 to 2015/10/23...73
Figure 4.11 (A) Differential Interferogram generated from ALOS PALSAR data

(B) Differential Interferogram generated for ALOS 2 PALSAR 2 data................ 74

Figure 4.12 Subsidence contour showing displacement values in centimeter for land subsidence

affected area for 2014/11/07 to 2015/10/23 ..o 75
Figure 4.13 Land subsidence hazard map for Kathmandu valley......................coo 79
Figure 4.14 Land subsidence vulnerability map for Kathmandu valley.............................. 81
Figure 4.15 Land subsidence risk map for Kathmandu valley......................o. 82

Figure 4.16 Land subsidence risk map of Kathmandu valley along with hard rock boundary.....83
Figure 4.17 Buildings in Mexico city displaying wave pattern................cooeveviiriiiiinneninnnn 85

Figure 4.18 Pictures published in Nepalese national newspapers showing inundated roads in

different locations of Kathmandu valley....................oiii 86

10



LIST OF TABLES

Chapter 2

Table 2.1 Characteristics of ALOS PALSAR ..ot 38
Table 2.2 Characteristics of ALOS 2 PALSAR 2. ..ot 39
Table 2.3 Characteristics of ALOS 2 PALSAR 2 (Continued)...........ccoovvviiiiiiiiieiiiannens. 39
Chapter 3

Table 3.1 ALOS PALSAR data pair........c.oouiinuitiiiiit e 43
Table 3.2 ALOS 2 PALSAR 2 data Pail........c.vueneeeeeitaee e 43
Chapter 4

Table 4.1 Detail information of land subsidence affected area....................c.coooeiiiinn. 63
Table 4.2 Volume estimation of land subsidence locations.................coocoiiiiiiiiii 65
Table 4.3 Detail information of the land subsidence affected area (2014-2015).................... 76

Table 4.4 Weighted value and grade & value for indicators of land subsidence risk assessment.77

Table 4.5 Data values of indicators used for land subsidence hazard evaluation of Kathmandu

Table 4.6 Data values of indicators used for land subsidence vulnerability evaluation of
Kathmandu Valley..... ..o e 80

11



1. INTRODUCTION

1.1 Background

In general terms, subsidence refers to the sudden sinking or gradual downward settling of the
ground surface with very less or no horizontal motion at all (Jackson, 1997). Land subsidence can
also be defined as an environmental geological phenomenon that causes the slow lowering of
ground surface elevation (Hu, B., et al., 2009). 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 (Corapcioglu, 1989; Strozzi et al., 2001). 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 the society and economy (Holzer and Galloway, 2005). The occurrence of land subsidence
has been studied in many places around the world, including Tokyo, Japan (YYamaguchi, 1969),
Mexico (Adrian et al., 1999), Saudi Arabia (Bankher and Al-Harthi, 1999), Texas, USA (Gabrysch,
2000), Jakarta, Indonesia (Abidin et al., 2001), Ravenna, Italy (Teatini et al., 2005), Bangkok,
Thailand (Bergado et al., 1987; Phien-wej et al., 2006), Pingtung Plain, Taiwan (Hu et al., 2006)
and China (Xu et al., 2008).

Scientific studies reveal that unrestricted groundwater exploitation has the potential to cause a slow
but significant land subsidence (Pratt et al., 1926; Poland et al., 1969; Bell et al., 1986; Shi et al.,
2007). A close relationship between the amount of groundwater withdrawal for industrial activities
and advancement of land subsidence was recognized early in Japan during 1954 to 1960
observations (Inaba et. al., 1969). Additionally, geology also plays a vital role in 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 (Perlman, 2016).
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Land subsidence is just a geological phenomenon either triggered by natural or anthropogenic
activities and the risk to human and their immediate artificial environment are almost negligible
in remote and uninhabited areas (Tomas et al., 2014b). But, when this phenomenon has the
probability of resulting harmful consequences or the expected loss (of lives, property, livelihoods,
economic activities or environment) mostly in developed areas then it is considered to pose a risk
(Kappel et al., 1999; Autin, 2002; Hu et al., 2009). Risk factors are compounded by rapid increase
in urban population and economic development (Wang et al., 2012). The physical damage caused
by land subsidence (i.e. the hazard due to land subsidence can be mainly categorized into two
forms: damage on artificial (manmade) infrastructures and damage on natural systems. Significant

damage is seen in areas corresponding to land subsidence occurrence.

The main damage on manmade infrastructure reported worldwide are mostly related to water
transport structures (Sato et al., 2003; Faunt et al., 2015). Since land subsidence affects the
elevation of the ground, and owing to the fact that water transportation infrastructures are very
sensitive to minor gradient changes, subsidence can hugely affect such structures. Other reported

problems include damage to buildings and transportation facility (i.e. roads, bridges, railways).

Although, damage to manmade infrastructures are more emphasized and easily noticeable unlike
the damage to natural systems which is invisible are generally more threatening. The main reason
being that artificial infrastructures damages can generally be repaired opposed to natural system
damage which is generally permanent. Some of the examples of natural structure damage are
permanent compaction of aquifer system, change in topography which ultimately affects the river

patterns and low lying areas.

The other main factor affected by land subsidence is damage to the social environment which
includes the human society and the economic development level. The physical damage caused by
land subsidence will eventually affect the social environment directly or indirectly but the intensity
is determined by the recoverable capability of life, property and various economic activities in the
disaster affected areas. Remarkable economic losses have been caused by land subsidence
throughout the world (Zhang et al., 2003; Holzer et al., 2005; Liu et al., 2015).

Kathmandu valley, the capital and the urban core of a developing country Nepal is lagging in terms

of data documentation and research work regarding land subsidence and its risk assessment. The
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factors that make a location prone to land subsidence risk (i.e. geology and groundwater extraction
characteristics) are in favor of the valley, yet research is not being conducted. Also, the valley is
experiencing rapid increase in population and economic development in the past few decades that
will ultimately contribute to increase in risk of damage induced by land subsidence if no counter

measures are considered.

Therefore, it is necessary to assess land subsidence risk for decision and policy makers to prevent
a huge potential disaster. Risk assessment is simply an application of a methodology for evaluating
risk, where risk is defined as the probability and frequency of occurrence of a hazardous event,
exposure of people and property to the hazard and consequences of that exposure (Hu et al., 2009).

Kathmandu is a bowl-shaped valley with two principle landforms: alluvial and flood plains, which
makes it even more prone to subsidence. Groundwater has always been a significant source of
water supply in Kathmandu valley since early 1970s (Pandey et al., 2012). 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 (Shrestha, 2016). Groundwater fulfills nearly 50% of the total water
demand during wet season and 60-70% during the dry season (ICIMOD, 2007). Consequently,
annual extraction is exceeding recharge leading to tremendous depletion in groundwater levels.
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 Kathmandu valley as well.
Nonetheless, no published research has been done to the authors” knowledge to determine if land
subsidence is taking place in actual due to ground water extraction; therefore, no evidence of land

subsidence in Kathmandu valley is available (Pandey et al., 2012).

Researches have been done focusing on the land deformation caused by the crustal movements in
the region. On April 25, 2015, a devastating earthquake of Mw 7.8 (US Geological Survey, 2015)
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. It was only after this event that a few literatures
mentioned subsidence; the sole cause being the earthquake (Kobayashi et al., 2015). A developing
country, struck by a natural disaster recently is moving forward to rebuilding and if subject like

land subsidence that has been troubling the globe is not addressed immediately then the
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consequences can be unaffordable. Therefore, mapping, continuous monitoring and risk

assessment of land subsidence is critical in a place like 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 with
a lower cost as compared to other conventional techniques such as GPS, topographic measure and
extensometers (Tomas et al., 2014). 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 (Galloway et. al., 1998); Coachella Valley,
California (Sneed et. al, 2001); Kolkata, India (Chatterjee, 2006); Iran (Motagh, 2008); Jakarta
(Bayuaji, 2010); Alto Guadalentin Basin, Spain (Boni et. al., 2015).

Most frequently deployed approach for land subsidence risk assessment are by the means of
Geographic Information System (GIS) techniques and Disaster Risk Index Method and Analytic
Hierarchy Process (AHP) (Hu et al., 2009; Westen et al., 2011; Zhu et al., 2013; Liu et al., 2015).
GIS provides robust tools for inclusive spatial modeling and analysis. Disaster Risk Index method
is an approach where the hazard, the vulnerability and the capability of disaster prevention and
reduction are considered for the quantitative evaluation a risk. AHP is a multi-criteria
mathematical evaluation method used for decision making where hierarchical structures are used
to quantify relative priorities for a given set of elements on a ratio scale set by the user (Hu et al.,
2009).

1.2 Objectives of the Research
The main objective of this research is

1. To detect the current situation of land subsidence in Kathmandu valley by the application
of Differential Synthetic Aperture Radar Interferometry (D-INSAR) technique to Advanced
Land Observing Satellite (ALOS) Phased Array L-band Synthetic Aperture Radar
(PALSAR) data.

2. To assess land subsidence risk by using GIS techniques, Disaster Risk Index Method and
Analytic Hierarchy Process (AHP).
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1.3 Scope of the Research

Although very little is known about land subsidence in Nepal, no studies are being done to actually
detect the occurrence of land subsidence. Therefore, the outcome of this research will help in
understanding the current situation, that would further help to develop prevention techniques and
risk management. After comparing with land measurement data and conveying a field survey, it is
expected to be useful for the government and interested stakeholders for better understanding of

the situation for sustainable development and policy-making for disaster prevention.

The results from this study can serve as a significant benchmark for Kathmandu Valley, Nepal as

it is developing towards sustainable urbanization but lacks proper data and research.

1.4 Study Area

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 654.7km?
(RSLUP report, 2015). The valley consists of three major cities namely Kathmandu: the capital
city, Bhaktapur and Lalitpur: ancient cultural gem cities. The Landsat image of Kathmandu valley

is shown in Figure 1.1.

Kathmandu valley is the capital city of Nepal and hence has been a center of ever growing
economic activities from a very long time. Kathmandu valley is an urban agglomerate with a core
urban center surrounded by extended urban economic zones. The lack of decentralization of
developmental activities has propagated Kathmandu valley to be one of the most desired city to
live in the country consequently, increasing the internal migration rates. The population density of
Kathmandu valley is 2793 people per square kilometer as the 2011 census (CBS, 2012). The
increasing population and failure in implementing strict regulation has resulted in haphazard

development of the valley both in terms of infrastructure and economy.
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Figure 1.1 Study Area: (A) Location of Nepal in the world. (B) Map of Nepal showing Kathmandu
Valley. (C) Landsat Image (R: G: B = Band 2:3:4) observed on 10" November 2016 along with
the administrative boundary of Kathmandu Valley and surrounding mountain ranges.
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This bowl-shaped valley is filled by more than 650 m thick quaternary lacustrine and fluvial
deposits at the central part of the valley (Baneshwor) and gradually reduces towards the marginal
boundaries (Moribayashi et al., 1980) which makes it prone to land subsidence (Pandey, 2016).
Land subsidence potential can be determined by a primary factor and an immediate factor. In case
of Kathmandu valley, the primary factor is the geology and the immediate factor is the haphazard

groundwater extraction activity.
Geology of Kathmandu Valley:

Kathmandu valley is surrounded by Shivapuri mountain range (2732 m) in the North, Phulchauki
mountain range (2762 m) in the south, Nagarkot mountain range (1895 m) in the east and
Chandragiri mountain range (2356 m) in the west (Piya, 2004). The average elevation of the valley
is approximately 1,400 meters above sea level. The main composition of geology of Kathmandu
valley is the quaternary lacustrine sediments over basement rocks (Nautiyal et al., 1961). 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
(Moribayashi et al., 1980). The quaternary sediments consist of thick (more than 650m deep) semi-
consolidated fluvio-lacustrine sediments of Pliocene to Pleistocene age. It is composed of fine to
coarse-grained sand, gravel, clay, silt, peat, lignite and diatomite (Stocklin and Bhattarai, 1977).
Through various geological, boring and gravity survey it has been known that Kathmandu valley
has a three-layer of this quaternary underground deposits. The bottom layer consists of the river
sediment, the center layer consists of the sediments of mud lake formation and the top most layer
consists of sediments of upper lake formation delta and rivers. The central lake sediment deposit
layer reaches a thickness of about 200m in the central part of the Kathmandu basin and is laterally
thinned and sharpened at the edge of the basin and sediments of deltas and rivers. The main
composition of this layer is the black organic silt, sand and clay (locally named as Kalimati). This
central layer is unigue as it consists of fossils of plants from the former paleo lake along with clay

layer formed as a result of weathering of granitic rocks (Sakai, 2015).

The geological map of Kathmandu valley and a geological cross-section of Kathmandu Basin
showing north-south sediment distribution through the center of Kathmandu valley is shown in

Figure 1.2 and Figure 1.3 respectively.
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A boring survey conducted by (Sakai et al., 2001) during 2000 to 2003 under the Clock Tower
(Ghantaghar) located inside the Tribhuvan University, Tri-Chandra Campus, discovered that the
uppermost unconsolidated layer was 10-15 m deep and composed of coarse granite granules with
high moisture content. This layer was followed by a weak high in moisture Kalimati layer spread
to nearly 40-45 m deep whose main composition was methane gas. The constituents were in a
more solidified state at depth more than 100m. The existence of the fragile Kalimati layer
throughout Kathmandu is one of the main factor that intensifies the earthquake waves and other
movements further causing structures to collapse (Sakai, 2015).

85°20"

'''''''''''''''

Eatitincatociotin [ talus deposits
basement rocks

@ isolated basement rocks

[ 1acustrine facies (Kalimati Clay)
[=] fluvio-deltaic facies (Gokarna,

Thimi & Patan Formation)
=1 fan deposits

Bagmati River

0 10 ll‘m Mahabharat Lekh

Figure 1.2. Geological map of Kathmandu Valley (Source: Kuwahara et al., 2010)
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Figure 1.3. A geological cross-section of Kathmandu Basin, showing north-south sediment

distribution through the center of Kathmandu Valley. (Source: Katel et al., 1996; Sakai et al., 2002)

The thickness and variation of the lacustrine sediments plays a vital role in land subsidence
occurrence. The contour map of the basement topography of Kathmandu basin generated by
Paudyal et al., (2013) is shown in Figure 1.4. The thickness and variations of the sediments is
discussed based on the result obtained from this contour map. The intermix of unconsolidated
sediment and basement layer is deep in the center of the Kathmandu Valley Basin and is shallow
towards the outskirts of the valley. Some points (A with sediment thickness 48m and B with
sediment thickness 30 m) in Figure 3.4 show swift change in the sediment thickness which

indicates that the basement rock is present near the surface in those areas.
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Figure 1.4. Contour map of the basement topography of Kathmandu basin with major roads
network indicated by dark black lines and river network indicated by blue lines. (Source: Paudyal
etal., 2013)

Hydrogeology of Kathmandu Valley:

Kathmandu valley is situated near to the source of Bagmati River Basin (BRB) which has a
superficial outlet towards the southwest. The valley generally consists of three hydrogeological
layers namely, shallow aquifer, aquitard and deep aquifer. According to Pandey and Kazama,
(2011), the shallow aquifer is thicker towards the north of the valleys groundwater basin with
estimated thickness within the range 0 to 85m whereas the deep aquifer is thicker towards the
central and south part with an estimated thickness of 25m to 285m. The aquitard layer with clay
as the main constituent separates the two aquifers and its thickness is estimated to be in the range
of 5m to 200m. The main natural recharge area is towards the northern part and a small area
contributing to recharge is located towards the southern part (Pandey et al., 2012). The main source
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of aquifer recharge is through direct infiltration of monsoonal rainwater and surface water
infiltration (Shrestha et al., 1996; Gautam et al., 2014).

Kathmandu valley has a closed and isolated groundwater system and consists of some
interconnected aquifers. The presence of sand and gravel beds has created a deep confined aquifer
that serves as a significant source of water supply to the central urban area of Kathmandu valley.
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Figure 1.5. Kathmandu valley map showing river networks, groundwater basin extent, recharge
areas and urbanization extent. (Source: Shrestha et al., 2017)
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1.5 Structure of the thesis

The basic organization of this dissertation is as follows:

Chapter 1 INTRODUCTION includes the background, objectives and the scope of this research.

It also includes the detail description of the study area.

Chapter 2 LITERATURE REVIEW comprises of the history and mechanism of land subsidence.
An overview of land subsidence in Kathmandu valley along with a brief description of the 2015
Gorkha Earthquake is also included in this chapter. Also, microwave remote sensing, radar
interferometry and ALOS PALSAR and ALOS 2 PALSAR 2 along with the concept of risk

assessment are introduced here.

Chapter 3 METHODOLOGY explains in detail the methods used for land subsidence mapping,
volume estimation and risk assessment. The data used in this research are also included in this

chapter.

Chapter 4 RESULT AND DISCUSSION presents the results obtained from this research along

with discussion.

Chapter 5 CONCLUSION AND RECOMMENDATION provides the overall conclusion and
summary of this study. The recommendations for future study is also provided in this chapter.
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2. LITRETURE REVIEW

2.1 Land Subsidence

Land subsidence is a visible evidence of superficial or deep underground deformation triggered by
various subsurface processes (Tomas et al., 2014(b)). The first ever case of land subsidence was
discovered in the lowlands of Tokyo as a result of repeated precise levelling carried out in 1924,
to study the post-seismic crustal disturbance due to the Kwanto Earthquake of 1923 (Inaba et al.,
1969). Since then this problem has been documented throughout the globe. About 150 major cities
throughout the globe is suffering from a significant amount of land subsidence (Heath and Spriull,
2003). In the United States alone, more than 17000 square miles have been affected by land
subsidence out of which approximately 80% of the identified subsidence occurred due to
groundwater exploitation (Perlman, 2016). Highly urbanized and industrialized areas of Europe
have also been suffering from groundwater abstraction related subsidence for centuries (USGS,
2017).

Along with the discovery of land subsidence occurrence, the method to detect it has also been
developing. During the 1920’s precise leveling methods were used (Inaba, 1969). All through
1960’s to 1980°s extensometers and spirit leveling were used and developed (USGS, 2017). The
implication of ground based measurement using GPS and InSAR technologies were introduced
from 1990’s (Galloway, 1998). Since, then this method has been used and developed to detect land
subsidence around the world.

The relationship between subsidence and exploitation of groundwater was recognized in 1928 by
Meinzer, a pioneer researcher at United States Geological Survey after he discovered that aquifers

were compressible (Meinzer, 1928).
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2.1.1 Mechanism of land subsidence

In general terms of physics, land subsidence can be defined as the loss in surface elevation that is
caused by the removal of subsurface support (USGS, 2017). Land subsidence is a very complex
phenomenon with diverse cause and effects. Its occurrence is mainly a combination of a primary
factor and an immediate factor; Primary factor being the existence of unconsolidated sediments
deposits that consists the aquifer system and immediate factor being the diminishing groundwater
level (Holzer, 1984; Budhu, 2010; Galloway, 2011).

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 be pumped. Lowering of water table
due to groundwater harvesting is the triggering factor of subsidence (Martinez, 2015). Nonetheless,
even if the water table is reduced land subsidence will not occur if the aquifer system lacks the
presence of unconsolidated sediments.

The mechanism of land subsidence phenomenon due to aquifer compaction is shown in Figure
2.1. 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. These
fine-grained sediments are naturally deposited in a haphazard manner creating lots of space for
water storage. When groundwater level reduces, these haphazardly deposited sediments get
rearranged into a compacted stack like formation decreasing the water storage space; hence

resulting in land subsidence occurrence.
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Figure 2.1 Mechanism of land subsidence due to aquifer compaction. (Source: USGS, 2017)

2.1.2 Land Subsidence in Kathmandu valley, Nepal

Historically, Kathmandu valley was a former paleo lake just like Mexico City. The lake was

formed due to tectonic activities that uplifted edges of the valley. The lake receded as the water

dissolved soft limestone rocks at Chobar and started flowing out. As flat fertile land started

emerging along with the main Bagmati River and its tributaries, settlements started to grow.

Currently, Kathmandu valley is the most densely populated region of the country. The history of

origin of Kathmandu valley clearly states that the landform is unsettled lacustrine deposits which

make it prone to land subsidence.
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As mentioned earlier, the triggering factor for land subsidence is lowering of the water table. The
history of groundwater development as described by Pandey et al., 2012 is discussed here.
Groundwater extractions in the valley started in the early seventies, when the availability was high
and supply was low (Pandey et al., 2012). 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 (Metcalf, 2000).
During the nineties, the number of private wells increased so rapidly that the extraction exceeded
the water recharge levels. With ever increasing population, development activities and lack of
groundwater resources policy, the water demand is bound to increase exerting more pressure to
the groundwater table. This in turn will result in aquifer compaction in areas consisting highly
compressible clay and silt layers raising the risk of land subsidence (Pradhanang et al., 2012)

Land subsidence had been reported in the past in Hyumat tole area (27°41'57” N and 85°18'12”
E), Shantibasti area (27°40'42” N and 85°18'03” E), and Imadol area (27°39'36” N and 85°21'00”
E) without detailed scientific study and evidence (Rana et al., 2007). Although, many scientists
and researchers have suggested to initiate study and monitoring of land subsidence (Rana et al.,
2007; Pandey et al., 2012; Pradhanang et al., 2012; Gautam et al., 2014; KV-RSLUP report, 2015;
Shrestha et. al., 2017) no published research has been done to the authors’ knowledge to determine
if land subsidence is taking place in actual due to ground water extraction; therefore, no evidence

of land subsidence in Kathmandu valley is available (Pandey et al., 2012).

Also, a drilling project conducted in 2000, revealed that the underground geology of Kathmandu
valley is so weak that while constructing tall buildings the foundations must be secured up to a
deep level (Sakai, 2015).

Recently, Shrestha et al., 2017 published a scientific paper entitled “Model-based estimation of
land subsidence in Kathmandu valley, Nepal”. A calibrated groundwater flow model was
developed based on the coupled surface subsurface modelling system. This model was used for
land subsidence simulations. The invalidated result shows subsidence vulnerability towards the
northern part of the groundwater basin. The author predicts that land subsidence will occur as a

result of deep aquifer compaction caused by large amounts of groundwater extraction.
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2.1.3 Effect of 2015 Gorkha Earthquake in Kathmandu Valley

On April 25, 2015, a devastating earthquake of Mw 7.8 (US Geological Survey, 2015) struck the
Gorkha region in 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 (Kobayashi et al., 2015). The earthquake ruptured the Main Himalayan Thrust fault (MHT)
(Figure 2.2) which stopped halfway at 11km under Kathmandu valley. Therefore, there are
chances of future fault rupture up to the surface (Elliott et al., 2016).
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Figure 2.2 (A) Geodyanmic map of Nepal showing SRTM topography, fault lines, earthquake
events since 1895 (represented by stars) and Main Frontal Thrust (MFT). (B) Cross section of the
main tectonic faults. (Source: Diao et al., 2015).
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An uplift of about 1.4 m and 1 m was observed approximately 20 km northeast and 30 cm westward
from Kathmandu respectively along with local subsidence around the city (Kobayashi et al., 2015;
Diao et al., 2015). Figure 2.3 shows the area of land uplift and sink due to the 2015 earthquake
obtained from Sentinel- 1A data analyzed by DLR German Aerospace Center. Blue color indicates
the uplift of up to 0.8m near the Indian and Eurasian tectonic plates boundary whereas the yellow
color indicates subsidence. A horizontal 2 m shift in the north—south direction was also detected
(DLR, 2015).

=
7 AR

Figure 2.3 Displacement caused by Gorkha 2015 earthquake obtained from Sentinel 1A satellite
data. (Source: DLR, German Aerospace Center).
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2.2 Introduction to Microwave Remote Sensing

In general, remote sensing refers to the acquisition of information about an object or a phenomenon
by using satellite or aircraft based sensor technologies without making any physical contact with

the object.

Microwaves are electromagnetic waves that include wavelengths approximately ranging from one
meter to one millimetre. The electromagnetic spectrum is shown in Figure 2.4. There are basically
two types of microwave sensors: active and passive. An active sensor system supplies its own
radiation source, which is directed at the object to measure the returned emission. On the other

hand, a passive sensor system depends on other sources of energy like sunlight or thermal infrared.
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Figure 2.4 Electromagnetic Spectrum

30



The most prevalent form of imaging active microwave sensor is RADAR (Radio Detection and
Ranging). The radar sensor transmits a microwave signal towards the object of interest and then

detects the backscattered signal.

The strength of the backscattered signal depends on the roughness of the object and the degree of
slope in relation to the radar. This strength is measured to distinguish between different objects
and the time delay between the transmission and reflection of signals determines the distance from
the sensor to the object. Radar sensor systems have many advantages. It is capable of penetrating
clouds, light rain, smoke, haze and snow. It can operate in both day and night. It is also able to
penetrate more deeply into vegetation than optical waves.

Radar sensor systems are divided into two categories: Real Aperture Radar (RAR) and Synthetic
Aperture Radar (SAR). RAR transmits and receives microwave signals with a long antenna and
are therefore incapable of producing fine resolutions. SAR transmits and receives signals with
shorter antenna and is exclusive to moving platforms. Through appropriate signal processing it is
possible to simulate antenna length up to hundred meters or more. When the signals transmitted
from the synthetic aperture radar source reflects from the ground to the advancing platform, the
object of interest appears to be in motion. Changing frequencies that gives rise to phase and
amplitude variations in the returned pulses are results of this motion. All these data are recorded

for later processing where the moderated signals are analysed and recombined to synthesize signals.

SAR data consists of high-resolution reflection of emission from the surface that has been
illuminated by an administered beam of pulse generated by the sensor. The physical characteristics
like surface roughness, orientation and geometric structure of the surface; the electrical
characteristics like dielectric constant, conductivity and moisture content and the radar frequency
of the sensor determines the radar reflection from the surface. European Space Agency’s (ESA)
European Remote Sensing Satellite (ERS-1 and 2), Japanese Earth Resources satellite (JERS-1),
RADARSAT 1 and 2, Advanced Land Observing Satellite (ALOS and ALOS 2), TerraSAR-X,

Sentinel-1 are some of the satellite system that provide SAR data.
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2.2.1 Introduction to Radar Interferometry

Radar interferometry was first used by Graham in 1974 for topographic mapping (Graham, 1974).
Zebker and Goldstein used the side looking airborne radar in 1986 and obtained the first ever
practical results (Zebker and Goldstein, 1986). Research and studies expanded with the launch of
European Space Agency’s (ESA) ERS-1 and ERS-2 satellite in 1991 and innumerable papers have
been published since then. Gens et al., (1996); Rocca et al., (2000) and Burgmann et al., (2000)
have described the detailed theory and application of radar interferometry.

Radar interferometry technology utilizes the phase difference between two or more SAR data that
are acquired from different orbit position at different times. Geodetic information like topographic
information, surface deformation (such as volcano, subsidence, landslide, earthquake, etc), glacier
flow etc. can be derived from this technique. Interferometric SAR (INSAR) is the process when
the phase difference between two images are utilized to derive local topography whereas
Differential INSAR (DINSAR) is the process that utilizes the phase difference to detect and
quantify ground displacement that has occurred during the time between two acquired images.
This process is complementary to ground-based methods such as levelling and global positioning
system measurements. Through this process land deformation information can be obtained for a

wide coverage area even when the area is inaccessible (Raucoules et al., 2007).

The concept of DINSAR was first explained by Gabriel et al., (1989). It has also been thoroughly
reviewed in many scientific papers (Massonnet et al., 1998; Ferretti et al., 2001; Crosetto et al.,
2005; Kampes 2006; Prati et al., 2010; Tomas et al 2014b). The DInSAR technique can be
categorized into two groups Persistent scatterers method and small baseline method. Persistent
scatterers methods are mainly focused on localized targets whereas small baseline method is used
for spatially distributed targets. These DINSAR technology methods has been applied in various
fields.

Tectonic and Volcanic events: DINSAR has been applied to measure tectonic deformation and
ground movements caused by earthquakes (Massonnet et al., 1993; CNES/ ESA/ ESRIN study,
2000; Colesanti et al., 2003; Yen et al., 2008; Tsuji et al., 2009; Pezzo et al., 2014). Eruption
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induced deformation and volcano-tectonic deformation has also been measured by application of
DInSAR (Massonnet et al., 1995; Rosen et al., 1996; Lagios et al., 2005).

Landslides and glacier movements: Landslides have been measured and monitored by application
of DINSAR (Guzzetti et al., 2009; Herrera et al., 2010; Jebur et al., 2013; Tomas et al., 2014a;
Schlégel et al., 2015) It has also been used for monitoring glacier movements and ice flow
measurements (Goldstein et al., 1993; Berthier et al., 2007; Hu et al., 2014).

Infrastructure and building monitoring: The stability of buildings and other man-made structures
like highway and railway can also be monitored using DINSAR. (Tomas et al., 2012; Yu et al.,
2013;).

DEM generation: Digital elevation maps (DEMS) are also produced using this technique. In 1995,
DEM was produced using the two ERS satellites with one-day separation time interval. In 2000,
DInSAR technique was utilized by NASA's SRTM mission aboard the space shulttle.

Subsidence events: Land subsidence occurrences as a result of various natural and human induced
processes has been successfully measured using DINSAR (Galloway et al., 1998; Nakagawa et al.,
1999; Strozzi et al., 1999; Sneed et al., 2001; Raucoules et al., 2007; Tomas et al., 2014b, Wempen
et al., 2017). The pros of DINSAR technique (i.e. higher data acquisition frequency and spatial
coverage; lower annual cost per point measurement and per area) as compared to the conventional
techniques (i.e. GPS measurements, extensometers, etc.) has made this technigue an indispensable

tool for land subsidence studies (Tomas et al., 2014b).

The accuracy of results obtained from DINSAR processing is generally derived by comparing it
with the actual land measurement data. A general accuracy of £ 1 mm/year for average
displacement rates and = 5 mm/year for line of sight displacement have been suggested by authors
(Colesanti et al., 2006; Lanari et al., 2007; Raucoules et al., 2007; Prati et al., 2010; Hooper et al.,
2012). Since, land measurement data for the study area could not be obtained; this general accuracy

is assumed for the generated DINSAR results in this study.
The dominant advantages of DINSAR are as follows:

e Low cost as compared to conventional methods

e High frequency monitoring of a location due to the short revisiting time for orbital sensors.
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e Large spatial coverage
e Very sensitive to vertical displacements caused by subsidence due to the low incidence
angle (i.e. angle between the satellite LOS and a line perpendicular to the surface)

The distortions, errors and decorrelation are explained further in this chapter. However, some of

the limitations of DINSAR are as follows:

e Auvailability of image is governed by the satellite repeat orbit cycle.

e Less sensitive to horizontal displacements.

This research utilized the small baseline DINSAR technique to detect and quantify land subsidence

therefore the methodology of this technique will be explained in detail in Chapter 3.

2.2.1.1 Radar System Geometry and Distortion

The imaging geometry of a radar system is shown in Figure 2.5. A radar system operates in a side
looking mode imaging a swath on one of the sides of the aircraft. The swath width depends on the
altitude of the aircraft and is limited by the range beam width. Larger swath width can be obtained
by increasing the altitude. Since, radar system is a side-looking system, the radar images generated
display abnormal features and distortions (Woodhouse, 2005). These distortions are explained as

follows:
Foreshortening

This is the most dominant effect in SAR images for hilly and mountainous area. Generally, an
object closer to the antenna in the ground range direction returns the signal earlier than the object
that is far away from the antenna. But in case of objects with high altitude, it may be assumed to
be closer to the antenna than its actual geographical location. This is called the foreshortening
effect. This effect is mainly observed when the slope steepness is less than the radar incidence
angle. The severity increases as the slope angle approaches the incidence angle. This effect can be
indemnified by incorporating a Digital Elevation Model (DEM) of the region while geocoding.
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Figure 2.5. Radar System Geometry. (Source: Shuchman et al., 2005)
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Figure 2.6. Geometric distortions of radar system. (Source: Bamler, 2000)
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Layover

Layover is a severe case of foreshortening which occurs when the slope facing the antenna is
steeper than the radar incidence angle. This effect leads to the inversion/ reversal of the image

geometry. In simple words, the top of the slope is imaged before the base (Figure 2.6).
Shadow

Since, radar beam is at an angle, it will not be able to reach the regions behind a vertical structure
resulting in failure to reflect. This in turn results in a black spot on the image and is known as
shadow. The length of the shadow and the height of the vertical structure are proportional.

2.2.1.2 Errors and Decorrelation in Radar Interferometry

As discussed earlier, radar interferometry uses the phase information between two SAR
acquisitions to derive the terrain and height information. This resultant phase information may also
consist of phase information from other sources like topography, land surface/ cover type,
atmospheric noise, noise from the radar instrument etc. The dominance of these components
depends on the modes and characteristics of the interferometric data pair used. For instance, the
atmospheric noise and phase difference due to land displacement is insignificant in single-pass

radar interferometry whereas it can be significant in repeat-pass radar interferometry.

In DINSAR processing, atmospheric effect, orbit effect and topographic residuals also act as
sources of errors. Such phase noises and errors degrade the accuracy of radar interferometry and
therefore, the quality of the interferometry is dependent on proper or improper elimination of phase
noise and other undesired phase generating components. The decorrelation and errors are

explained as follows:
Decorrelation

Correlation is the measure used to detect the similarity among the dielectric properties of the
imaged pixel of two SAR data. The better the correlation the lesser the phase noise present which
means decorrelation gives rise to low coherence that leads to more phase noise. Decorrelation
occurrence depends on the characteristics of the site selected for study like the complexity of the

terrain, land cover/land use, climatic condition etc. Decorrelation is the most acute in sites with
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complex terrain, high vegetation cover and continuously changing climatic condition.

Decorrelation can be categorized into three categories which are described as follows:

Spatial Decorrelation: This type of decorrelation is caused by the physical separation (baseline)
between the location of two SAR antennas. To reduce this error, image pair within baseline band
100 m to 500 m can be considered (Hanssen, 2002).

Temporal Decorrelation: This decorrelation is caused by the dissimilarity of the dielectric
properties of objects present on ground over time between two repeat-pass data acquired. The
ground objects that contribute to this error are moving leaves and branches, water surface,
vegetation cover change and growth etc. To minimize this type of decorrelation, a minimal
temporal baseline should be considered.

Volume Decorrelation: This type of decorrelation is caused by the unstable phase of image pixel
over time over vegetated regions. The dielectric properties and orientation of tree leaves and
branches in a canopy cover, weather conditions (i.e. rain and wind) results in the variation of the
backscattered radar signal. To reduce this type of decorrelation, finer SAR imaging resolution can

be utilized.
Atmospheric effect

The speed with which the electromagnetic radiation travels is different in mediums with different
values of refractive index. The refractive index of the atmosphere varies with variation in electron
density in the ionosphere and water vapour in the troposphere Therefore, the microwave radar
signal may travel at different speed at different acquisition time through the atmosphere resulting
in phase variation in interferogram results even for no deformation cases. This error can be
minimized by using long radar wavelength possible and using multiple observations and then
averaging the derived products for surface deformation (Zebker et al., 1997).

Orbit error

Incorrect orbital information can cause an erroneous interferogram and hence can generate wrong
displacement map. This type of error usually occurs during co-registration of two SAR data
(Hanssen, 2002) where false orbital fringes parallel to the azimuth direction is observed. This error

can be removed by using ground control points appointed on the DEM of the site in interest.
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2.2.2 Introduction to ALOS PALSAR and ALOS 2 PALSAR 2

Advanced Land Observation Satellite (ALOS), one of the largest Earth observing satellite was
launched by JAXA in January 2006. The main objective was Cartography, Regional Observation,
Disaster Monitoring, Resources Surveying and Technology Development. Three remote-sensing
instruments were onboard ALOS. Panchromatic Remote-sensing Instrument for Stereo Mapping
(PRISM) for digital elevation mapping, Advanced Visible and Near Infrared Radiometer type 2
(AVNIR-2) for precise land coverage observation, and the Phased Array L-band Synthetic
Aperture Radar (PALSAR) for day-and-night and all-weather land observation.

PALSAR is an active microwave sensor that uses L-band frequency to attain cloud-free and day-
and-night land observation. It was developed to provides higher performance than the JERS-1's
SAR. The specification of PALSAR characteristics are shown in Table 2.1.

Table 2.1 Characteristics of ALOS PALSAR (Source: EORC, JAXA)

Mode Fine ScanSAR Polarimetric
Center Frequency 1270 MHz(L-band)
Bandwidth 28MHz 14MHz 14MHz,28MHz 14MHz
Polarization HH or VV HH+HV or HH or WV HH+HV+VH+VV

VV+VH

Incident angle 8 to 60deg. 8 to 60deg. 18 to 43deg. 8 to 30deg.
Range Resolution = 7 to 44m 14 to 88m 100m (multi look) 24 t0 89m
Swath 40 to 70km 40 to 70km 250 to 350km 20 to 65km
Bit Length 5 bits 5 bits 5 bits 3 or 5hits
Data rate 240Mbps 240Mbps 120Mbps, 240Mbps 240Mbps
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ALOS 2 was launched on May 2014 as the successor of ALOS. The factors such as resolution,
observation area and time lag for data provision has been improved in ALOS 2 PALSAR 2 thus
ALQOS 2 is wider, more precise and has high responsiveness. The specification of PALSAR 2

characteristics is shown in Table 2.2 and Table 2.3.

Table 2.2 Characteristics of ALOS 2 PALSAR 2 (Source: PASCO)

. . ScanSAR
Observation Mode Spotlight [28MHz] [14MHz] [490km]
Obs. Mode ID SBS WWS/WWD  WBS/WBD  VBS/VBD
Length of Range Direction 25km 350.5km 350.5km 489.5km
Length of Azimuth Direction 25km 355km 355km 355km
. 47.5m 95.1m 44.2m
Range Resolution 3.0m (5l00k) (5l00k) (2l00k)
. . 77.7m 77.7m 56.7m
Azimuth Resolution 1.0m (3look) (3l0ok) (1.5l00k)
Single .
Polarization (HH, HV, VH, Single (HH, HV, VH, or VW)
or VW) Dual (HH+HV or VH+VV)

Table 2.3 Characteristics of ALOS 2 PALSAR 2 (continued) (Source: PASCO)

Observation Mode Stripmap Full (Quad.) Polarimetry
[3m] [6m] [10m] [6m] [10m]
Obs. Mode ID (code) UBS/UBD HBS/HSD FBS/FBD HBQ FBQ
55km 55km 70km
Length of Range Direction (max) (max) (max) 40-50km 30km
Length of Azimuth Direction 70km 70km 70km 70km 70km
Range Resolution 3.0m 6.0m 9.1m 5.1m 8.7m
Azimuth Resolution 3.0m 4.3m 5.3m 4.3m 5.3m
Polarization Single (HH, HV, VH, or VV) Full (Quad.) Polarimetry
Dual (HH+HV or VH+VV) (HH+HV+VH+VV)
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2.3 Risk Assessment of Land Subsidence

One of the application of results obtained from DINSAR is incorporating it with the geophysical,
geographical and social data to develop risk maps (Pala et al., 2006; Hu et al., 2009; Tomas et al.,
2014(b); Chen et al., 2014; Liu et al., 2015). Risk maps can be further utilized for risk analysis and

mitigation planning.

Risk assessment in relation to disaster is defined as a process that helps to determine the nature
and extent of a risk. This is done by analysing hazards and prevailing vulnerability conditions
which are considered to have the potential to harm exposed people, property, economic activities,
livelihoods and their environment (Monitoring and Evaluation studies, “Disaster Risk Assessment
Process”). The significance of risk assessment is its contribution as an intrinsic part of the decision-
making process in disaster risk management. Assessing risk empowers all the directly and
indirectly affected parties to understand the current risk scenario and further aids to produce an

appropriate mitigation and prevention measure/s (European Commission, 2010).

Defining the terminologies in risk assessment is very important as the definition significantly
varies among different fields of study and a different conceptual understanding could change the
whole meaning of the study. The terms used for risk assessment of land subsidence in this study

has been defined as follows:
Hazard

Hazard, in general can be defined as a natural or an artificial phenomenon that has the potential to
disrupt and damage people, property and their immediate environment. This term can be used to
describe the intensity of an actual hazard event as well as the underlying condition that may
increase the probability of occurrence of a hazardous event in future (UNISDR, 2009). In this
study, hazard is used to describe the intensity of the actual hazard event (i.e. land subsidence).
Some examples of hazards are floods, droughts, earthquake, epidemics, accidental release of toxic

chemicals etc.
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Vulnerability

Vulnerability, in general can be defined as a concept that describes the factors (including economic,
social and physical) aiding to reduce the ability to cope with the potential hazards impacts. In other
words, vulnerability can be defined as the characteristic feature and conditions of a community or
a system that makes it susceptible to the damages caused by a hazard (UNISDR, 2009). Some of
the characteristics and conditions that make a community vulnerable to damages caused by a
hazard are concentration and crowdedness of buildings, population and resource base; proximity

to the possible hazard; interdependency of lifelines in urban areas etc. (ADPC).
Capability of disaster prevention and reduction

Capability of disaster prevention and reduction can be defined as the resources, technology and
potency possessed by a community or a country which empowers them to cope; prevent or reduce
or recover quickly and efficiently from the effects of a hazard (ADPC). The factors that
significantly affect the capability of disaster prevention and reduction are awareness, strict
implementation of suitable laws and regulations, prevention and mitigation activities, preparedness

etc.
Risk

Risk can be defined as the probability of occurrence of a negative consequence when a hazard
interacts with a vulnerable component (ADPC). The synergy between hazard, exposure and
vulnerability is risk. Hazard is the main factor that creates risks by exposing pre-existing
vulnerabilities. If any of the factors among hazard, exposure and vulnerability can be reduced or

eliminated then the risk can also be reduced or eliminated.
Concept of Risk Assessment

Scientific literature regarding risk assessment of various hazards are well established (Brabb, 1984;
Bolotin, 1993; Westen et al., 2002; Remondo et al., 2008;). Nonetheless, very few literature
relating to risk assessment of land subsidence are available (Hu et al., 2008, Hu et al., 2009; Yu et
al., 2008; Chen et al., 2013, 2014; Liu et al., 2015). The basic methodology followed by all these
literature is similar. First the indicators on which the risk of land subsidence depends are identified.

The indicators are then normalized and weighted to determine its significance to risk by using
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methods like AHP. The weighted indicators are then used for hazard and vulnerability evaluation.

Finally, risk is calculated by utilizing the hazard and vulnerability evaluation.

According to the ISO 31010, (which is a standard guide for selection and application of systematic
techniques for risk management and assessment) risk is the combination of negative consequence
of a hazard and the likelihood of occurrence of the hazard along with the capability to prevent and
reduce it. The term likelihood of occurrence is also termed as probability of occurrence when it
can be quantified (European Commission, 2010). Since, the three terms are interdependent; risk is

expressed as the functional relationship of these three terms.
Risk = f (hazard * vulnerability * Capability of disaster reduction and prevention)
The detail methodology of risk assessment along with the equation is explained in Chapter 3.

The three factors are interrelated in such a way that application of effective prevention and
preparedness measures reduces the vulnerability which in turn reduces the impact of the hazard
finally leading to reduction of the risk. The number and complexity of the factors used to measure/

quantify risk can vary depending on the impacts involved.
Risk Assessment in Nepal

It has always been difficult for a developing country like Nepal, to afford costly preventive
measures and implement strict land-use or other policies. However, regular risk assessment of
various commonly occurring hazards like landslides, floods, glacier lake outburst floods (GLOF)
is done (Kayastha et al., 2013; Shrestha et al., 2010). The subject of land subsidence is very new
to Nepal, hence, no risk assessment study for land subsidence exist.
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3.1 Data

3. METHODOLOGY

Three ALOS PALSAR fine-mode, single-polarization data acquired at different acquisition times

within 2007 to 2010 with same observation parameters like path/row 510/54, off nadir angle 34.3°

were selected for land subsidence mapping of Kathmandu Valley. The details of the two pairs

generated from this data are shown in Table 3.1.

Table 3.1. ALOS PALSAR (fine mode/HH) 10m data, ascending (Source: Jspacesystems)

InSAR | Process | Off Observation | Interval | Perpendicular | Path/Row
Pair Level Nadir Date (days) Baseline (m)
Angle
Pair 1 Master | 2007/11/02
Slave | 2008/03/19 | 138 417
1
Pair 2 10 343 Master | 2007/11/02 S10/54
Slave | 2010/02/07 | 828 257
2

Table 3.2. ALOS 2 PALSAR 2 (fine mode Stripmap/HH) 10m data, descending (Source: AUIG

JAXA)
InSAR | Process | Off Observation | Interval | Perpendicular | Path/
Pair Level Nadir Date (days) Baseline (m) Center
Angle Frame
Pair 3 Master | 2014/11/07
Slave 2015/05/08 162 5004
Pair 4 Master | 2015/05/08
- P Sive [ 201507703 20 1488 1060
Pair 5 Master | 2015/07/03
Slave 2015/10/23 H2 08.2
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Similarly, four ALOS 2 PALSAR 2 Stripmap fine-mode, single polarization data with same
observation parameters like path/center frame 49/3060, off nadir angle 29.1° were selected to study
the effect of 2015 Gorkha Earthquake in the study area. The details of the three pairs generated
from this data are shown in Table 3.2.

Since, the perpendicular baseline value between 150 m to 450 m gives the best interferogram result
(Ardiansyah, 2013) this factor was also considered while selecting the pair images. The ALOS
PALSAR data used in this research was purchased from Japan Space Systems whereas the ALOS
2 PALSAR 2 data was obtained from ALOS User Interface Gateway (AUIG), provided by Japan
Aerospace Exploration Agency (JAXA) under the Research Agreement for Advanced Land
Observing Satellite-2.

Digital Elevation Model (DEM) extracted from Shuttle Radar Topography Mission (SRTM) 1
Arc second (resolution of 30m) global elevation data was also used in the DINSAR processing.

This data was downloaded from Earth explorer data portal.

Groundwater exploitation intensity data used for hazard mapping of land subsidence was
provided by the Kathmandu Valley Water Supply Management Board (KVWSMB), Ministry of
Water Supply and Sanitation, Government of Nepal.

Population density, Gross Domestic Product (GDP) and Construction Land Proportion data
was used for Vulnerability mapping. Population density data was obtained from the Kathmandu
Valley Development Authority (KVDA), Government of Nepal. GDP data for the study area was
obtained from National Accounts Section, Central Bureau of Statistics, Government of Nepal.
Construction land proportion data was obtained from the Ministry of Land Reform and

Management, Nepal.
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3.2 Methodology for Land Subsidence Mapping

Synthetic Aperture Radar (SAR) is a system able to obtain high resolution complex images
from wide areas of terrain, usually onboard an orbital or airborne platform, but also in ground
based deployments (Yerro et al., 2014). D-InSAR is a remote sensing technique useful for
detecting land displacement or deformation accurately in a wide coverage area by utilizing the
phase difference between two or more SAR data taken on different acquisition times. The phase

difference between an interferometry data pair can be expressed as follows:

Int = ¢pdisp + patm + $pnoise + dptopo + ¢flat 1)

Where, ¢disp refers to the phase difference from ground displacement along the slant range; datm
refers to the atmospheric effect; ¢pnoise refers to the noise from the radar instrument and temporal
deceleration; ¢topo refers to the topographic height information and ¢flat refers to the assumption
of an ideally flat earth terrain (Bayuaji et. al., 2010). In the DINSAR technique, the ground
displacement is estimated in a slant range direction; therefore, the following Equation 2 can be

used to obtain ground displacement in a vertical direction (Curlander and McDonough, 1991).

Az = Asl cosd (2)

where, Az is ground displacement in vertical direction, Asl is ground displacement in slant range
and 0 is the incidence angle which is assumed to be 34.3° for ALOS PALSAR and 29.1 for ALOS

2 PALSAR 2 which is as same as the sensors off-nadir angle.

In this study, DInSAR technique was performed using the SARSCAPE module in ENVI
software to detect land subsidence in Kathmandu Valley. The methodology flowchart of DINSAR

processing is shown in Figure 3.1.
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Figure 3.1 Methodology Flowchart for DINSAR processing
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The detailed step wise methodology for DINSAR is explained as follows.

Focusing:

The purpose of this first step is to collect the energy dispersed along both azimuth and range
direction 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. ALOS PALSAR 2 data provided
by AUIG JAXA was already focused and the SLC image was available, therefore this step was not
performed for PALSAR 2 data. The product of this step for one of ALOS PALSAR data is shown
in Figure 3.2 (A).

Figure 3.2 . (A) Focused ALOS PALSAR data. (B) Multilooked ALOS PALSAR data

Multilooking and Co-registration:

In this step, the SLC images are divided in 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 (Exelis, 2007). The

number of looks is a function of three factors, pixel spacing in azimuth, pixel spacing in slant range
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and the incidence angle. The objective of this step is to produce a multilooked image that has
approximately squared pixel with ground range resolution and the pixel spacing in azimuth. The
produced multilooked image is of approximately the same spatial resolution of the predicted
geocoded product in order to avoid under or over sampling effect. An example of a multilooked
image is shown in Figure 3.2 (B). In this study, the azimuth look and range look for ALOS
PALSAR data was computed to be 8 and 3 respectively and in case of ALOS PALSAR 2 it was
14 and 9 respectively.

Image co-registration is the process of superimposing two or more SAR images with same
orbit and acquisition mode in the slant range geometry (SAR guidebook, 2009). The basic steps
involved in SAR image co-registration are evaluation and modeling of the geometric difference
between master and slave image and the resampling of slave image into the master image geometry
(Massonnet et al., 1998).

Interferogram Generation and Flattening:

After image co-registration where the master and slave images are precisely overlaid within
an accuracy of fractions of a pixel to compute the phase difference between them, an
interferometric phase is generated by multiplying master image by the complex conjugate of the
slave image. The product of this processing is shown in Figure 3.3. The variable viewing angles
of the terrain can cause range spectra shift and the different Doppler can cause azimuth spectra
shift. An azimuth filter is applied during the interferogram generation to fully capture the scenes
potential coherence (SAR guidebook, 2009). 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 30m resolution from SRTM was applied to simulate the topographic phase to obtain a flattened
interferogram. An example of flattened interferogram is shown in Figure 3.4.
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Figure 3.3. Interferogram generated from ALOS PALSAR data

Figure 3.4. Flattened Interferogram generated from ALOS PALSAR data
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Adaptive Filtering and Coherence generation:

The noise from radar instrument and the temporal deceleration was removed by applying the
Goldstein-Werner filtering process to the noisy interferogram (Goldstein and Werner, 1998). An
example of a filtered interferogram is shown in Figure 3.5 (A). Coherence is a measure of the
interferogram quality. It is calculated as the ratio between coherent and incoherent summations of
two co-registered SAR images. Coherence value approaching to 1 refers that the two pixels are
correlated and there is no phase noise whereas a coherence value of 0 (black = 0) refers that the
two pixels are decorrelated and there is phase noise and should not be considered for further

processing.

Figure 3.5. (A) Filtered Interferogram (B) Unwrapped Phase Image

Phase Unwrapping:

The flattened and filtered interferogram obtained from the earlier processing always has a
phase value within the range of 0 and 2n which means that every time the phase change exceeds
2w, the phase value starts with 0 again and the cycle repeats itself. This is called 2w ambiguity and
phase unwrapping resolves this problem. An example of unwrapped phase image is shown in

Figure 3.5 (B). The pictorial representation of the phase unwrapping process in shown in Figure
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3.6. The height and the amount of deformation of a terrain can be computed after the absolute

phase of each pixel of the interferogram is known.

Phase
z A A
EE S
Phase 65 4
= s
3= 0 e 0 >
¥ Y y
ACTUAL ELEVATION PROFILE WRAPPED PHASE UNWRAPPED PHASE

Figure 3.6. Phase unwrapping process (Source: Bayuaji, 2010)

Refinement and Reflattening:

Orbital correction has a great significance for an accurate transformation of the phase
information to height information. Therefore, Ground Control Points appointed on 30m SRTM
DEM were used to calculate the absolute phase and refine the orbits. An example of a product of

this process is shown in Figure 3.7 (A).

Figure 3.7. (A) Refined Interferogram (B) Geocoded Phase to Displacement Image
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Phase to Displacement Conversion and Geocoding:

The obtained phase information was converted into displacement using equation (1) and (2) and
was finally projected into a standard geographic coordinate system, thus generating a displacement
map. The phase to displacement conversion process is similar to the geocoding process, the basic
difference being that the process is applied to the two antennae which makes it possible to obtain
the height of each pixel along with the location in a cartographic and geodetic reference system.

An example of a product from this step is shown in Figure 3.7 (B).
Dual Pair Differential Interferometry:

This process extends the phase to displacement conversion case and was further performed in case
of ALOS PALSAR data. Displacement, displacement velocity and height map were derived from

this process. The process is expressed in a flowchart below.

SAR data 1 .
Differential Unwrapped -Velocity
Interferogram 1 Phase 1 Residual Height
SAR data 2 ¢
Differential Unwrapped -Displacement
SAR data 3 / Interferogram 2 Phase 2 Residual Height
DEM

Figure 3.8 Dual Pair Differential Interferometry Flowchart. (SAR guidebook, 2009)

3.2.1 Methodology for Volume Estimation

Through various literature review it was found that in most of the cases the shape of subsidence is
very similar to a cone shape. Also, in this study the generated subsidence shape somewhat
resembled to a cone shape. Therefore, the subsidence volume of each subsidence zone can be

estimated by an assumption that the border extremities of a subsidence zone is linearly moving at
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a constant rate. A simple cone model designed by (Bayuaji, 2010) is used to estimate the land

subsidence volume Figure 3.9.

h
z Where,
§ A2 A1 = Upper Base Area
N”? A2 = Lower Base Area
/ h = Subsidence depth

1
\
\
Zz-h \ ’
| \
\
)
\
1

Figure 3.9 Cone model for volume estimation of land subsidence

Subsidence volume represented by the shaded portion in Figure 3.9 can be estimated by applying
the formula of a volume of a cone which is shown in Equation 3 (Gibilisco, 2006).

vV =2[A1+ VATAZ + A2]h 3)

Where, V is the subsidence volume to be estimated, Al is the upper base area, A2 is the lower
base area and h is the height or the perpendicular distance between the surface Al and A2. Area
Al and A2 will be calculated in ArcGIS (Version 10.4.1) by converting each subsidence zone into
a shapefile. The subsidence depth (h) will be obtained from the DINSAR processing result.
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3.3 Methodology for Risk Assessment

The main objective for assessing risk of land subsidence is to link the subsidence phenomenon
with the damage it causes to the physical as well as social environment. The main factors that help
to determine risk are hazard and vulnerability. Therefore, a hazard map and vulnerability map were
generated and then combined to obtain the final risk map. The detailed methodology is explained

as follows.

3.3.1 Disaster Risk Index Method

Risk assessment is an approach for evaluating risk, where risk is defined by the probability and
frequency of occurrence of a negative consequence due to subsidence, exposure of people and
property to the subsidence and consequence of that exposure (Hu, et al., 2009). The degree of risk
of land subsidence significantly depends on two factors; hazard and vulnerability (Liu et al., 2015).
According to the disaster risk index method, quantitative risk can be estimated by using Equation
4 (Lirer et al., 1998).

DR=f(H, V, C) 4)

where, DR is the disaster risk, H is the hazard, V is the vulnerability and C is the capability of

disaster prevention and reduction.

The hazard of land subsidence is defined as the intensity and the probability that land subsidence
will occur in a certain area in a certain period. As defined by the Asian Disaster Preparedness
Center (ADPC), land subsidence hazard evaluation simply is the process of determining the degree
of severity and the extent of the impact area. In this research, accumulative subsidence volume,
land subsidence velocity and groundwater exploitation intensity was used as the indicators to
evaluate hazard in the study area (Wang, 2006). The former two indicators were obtained from the
DINSAR processing results of this study and the groundwater exploitation intensity data was
obtained from the Kathmandu Valley Water Supply Management Board (KVWSMB), Ministry of

Water Supply and Sanitation, Government of Nepal.
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The vulnerability of land subsidence is defined as the measure of susceptibility to physical harm
or damage caused due to land subsidence. Vulnerability includes the ability of the human society
and the economic development level of the society to cope with the disaster caused by land
subsidence. As per the ADPC definition, land subsidence vulnerability evaluation is the process of
assessing the sensitivity of the economy, population and physical infrastructure to the land
subsidence phenomenon. In this research, population density, gross domestic product (GDP) and
construction land proportion data was used as the indicators to evaluate vulnerability of the study
area (Zhou et al., 2000). Population density refers to the number of people per unit area and this
data for the study area was obtained from the Kathmandu Valley Development Authority (KVDA),
Government of Nepal. GDP is one of the primary indicators used to evaluate the economic
condition of a country and this data for the study area was obtained from National Accounts
Section, Central Bureau of Statistics, Government of Nepal. Construction land proportion data
gives the information of the proportion of built-up space and open space. This data was obtained

from the Ministry of Land Reform and Management, Nepal.

The capability of disaster prevention and reduction refers to ability of the country to prevent or
reduce the effect of potential land subsidence on life, property and economy. However, the land
subsidence monitoring of the study area being very poor it was assumed that the country has no

ability to control land subsidence at present.

3.3.2 Analytic Hierarchy Process (AHP)

Analytic hierarchy process is a multi-criteria mathematical decision making process developed by
Saaty, (1977). This process uses hierarchical structures to derive relative priorities for criteria
(indicators) employing pair wise comparisons. In this research, this process was used to give
weights to the indicators identified for evaluating hazard and vulnerability in MSExcel. The basic

procedure includes the following steps:

Pair-wise comparison: Pair-wise comparison matrix for hazard and vulnerability was developed

separately to establish priorities among the indicators. The result of comparison is derived in terms
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of integer ranging from 1 to 9 where the higher number indicates that the factor chosen is more

important than the other compared factor.

Normalization: The integers obtained from the above step is normalized to compute the priority
vector which gives the relative weights among the indicators and ultimately helps to decide which
indicator is relatively more important in determining land subsidence risk. Normalization generally
means to average the values in each row in order to compute the corresponding weight. First, each
value in the column is divided by the total of the column which gives the normalized score. Then,
the sum of each row in the normalized matrix is averaged to obtain the priority vector. The higher

the priority vector the more significant the factor.

Consistency Analysis: The main objective of this step is to check if the preference ratings made in
the pair-wise comparison are consistent. This is measured in terms of Consistency Ratio (CR),

which can be calculated using Equation 5 (Saaty, 1980).

cI
CR=— ()

Where, Cl is the consistency index and RI is the random inconsistency indices. RI is provided for
each order of matrix by (Saaty, 1980). In this research, since the order of matrix was 3, the

corresponding RI value 0.58 was used. The CI value can be calculated using the Equation 6.

Cl = Amax—n (6)

n—1

Where, A4 IS the value obtained from the summation of product of each normalized weight and
sum of columns of the reciprocal matrix, n is the number of indicators used. Saaty (1980) suggested
that the CR value equal to 0.1 or below shows that the comparison is consistent and hence
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acceptable. (For detail description of the methodology refer “The analytical hierarchy process”
Saaty, 1980).

The AHP calculation sheet for hazard and vulnerability is attached in Appendix 1 and Appendix
2 respectively. After obtaining the weights (priority vector) for each indicator; Hazard map and
Vulnerability map was generated in ArcGIS (Version 10.4.1).

The equation used for producing Hazard map is as follows

Hazard = 0.63 * Accumulated Subsidence Volume + 0.26 * Subsidence Velocity

+0.11 * Groundwater extraction intensity (7)

The equation used for producing Vulnerability map is as follows

Vulnerability = 0.67 * Population density + 0.24 * Gross Domestic Product
+ 0.09 * Construction Land Proportion (8)

Where, the number multiplied to each of the indicators are their respective weights obtained from
the AHP calculation. These two maps were then utilized to obtain the final Risk map. As mentioned
previously, Risk can be quantified by using hazard, vulnerability and capability of disaster
reduction and prevention. The capability of disaster reduction and prevention was assumed not to
exist in Kathmandu Valley. Since, the hazard and vulnerability level were classified into three
classes, the final risk level can be obtained by using Equation 9.

Risk = (Hazard / 3) * (Mulnerability / 3) 9)
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Risk level is obtained in an integer number ranging from 1 to 3; where, 1 indicates the lowest risk

level and 3 indicates the maximum risk level. Once, the risk level is obtained, a risk map will be

generated in GIS software.

The methodology flowchart for risk assessment is shown in Figure 3. 10.

1. Risk Indicators Identification
Social Data
Ground Water Gross Construction
Land L - . Land
Subsidence Subsidence Epr0|_tat|on Popu!atlon Domestic and
i Intensity Density 2 Proportion
Volume Velocity Product/km
l | I I
| | | |
2. Multi-criteria weighting (using AHP) 2. Multi-criteria weighting (using AHP)
A
Land Subsidence Hazard Map Land Subsidence Vulnerability Map

l

3. Risk Index Method

'

Land Subsidence Risk Map

Figure 3.10. Methodology flowchart for Risk Assessment
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4. RESULT AND DISCUSSION

4.1 Land Subsidence Mapping using ALOS PALSAR data

The coherence image of each pair for the study area is shown in Figure 4.1. The coherence value
near to 1 (i.e. bright colour) indicates that there is no phase noise whereas a coherence value of 0
(i.e. dark colour) indicates that there is only phase noise. Areas with high coherence (coherence
value 1) displays clear interferogram patterns in the interferogram image whereas areas with low
coherence (coherence value 0) displays noisy interferogram patterns. Good coherence is seen in

all our pairs; therefore, they can be considered for interferogram generation.

ALOS PALSAR Pair 2

ALOS PALSAR 2 Pair 3 ALOS PALSAR 2 Pair 4 ALOS PALSAR 2 Pair 5

Bad Coherence Good Coherence

0
Figure 4.1. Coherence image of Pair 1 (2007/11/02 and 2008/03/19); Pair 2 (2007/11/02 and
2010/02/07); Pair 3 (2014/11/07 and 2015/05/08); Pair 4 (2015/05/08 and 2015/07/03) and Pair 5
(2015/07/03 and 2015/10/23).

1
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The areas where dark values (black color) are seen are mostly result of no radar return because the
study area is a valley surrounded by complex terrain (hills and slopes). Also, dark values are seen

where the surface is changing regularly, water bodies and rivers in this case.

85°18'0"E 85°28'30"E

=
= =
@ o
o m
? (<o)
P o
o~ I~
o~
£ z
© o
5 8
M~
o ™~

REY ’
S - S

85°18'0"E 85°28'30"E

Figure 4.2 Differential Interferogram for Kathmandu Valley from 2007/11/02 to 2010/02/07
with the administrative boundary of Kathmandu valley indicated by black line.

The D-InSAR interferogram of Kathmandu valley for the observation interval 2007/11/02 to
2010/02/07 is shown in Figure 4.2. Interferogram fringes can be seen in various areas which

indicates the occurrence of land subsidence. An area where the color turns from blue to red to
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yellow to green is deformed. It is noticeable that some fringes on the south-eastern part does 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 4.3 shows the subsidence contour with displacement values in centimeter 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 4.3. The pattern displayed by ground deformation may depict the
underlying structural arrangement of a location (Anderssohn et al., 2008). Referring to Figure 1.2
and Figure 4.6 it can be said that the subsidence pattern obtained here is modulated by the

underlying sediments. Clear linear feature can be observed parallel to the fluvio-deltaic facies and

lacustrine facies boundary.
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Figure 4.3 Subsidence contour with displacement values in centimeter for the land subsidence
affected areas from 2007 Nov 02 to 2010 Feb 07 which are indicated by boxes L1-L8, along with

three sites (Shantibasti area, Hyumat tole and Imadol; indicated by black dots) of localized

subsidence reported in the past by Rana et al., 2007.
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Location L1, central Kathmandu shows the maximum amount of subsidence (17 cm). It is a mixed-
use development area. [A type of urban development that constitutes an amalgamation of
residential, commercial, cultural, institutional, and /or industrial uses, along with their physical
and functional integration, including pedestrian connections is called Mixed use development
(Thrall, 2002)]. 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
landuse. This location also has a few number of brick kilns, that 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.

The three sites of localized subsidence reported in the past by Rana et al, 2007 is represented by
black dots in Figure 4.3. Land subsidence occurrence can be seen in Hyumat tole (-2cm to -5cm)
and Imadol (-8cm to -11 cm) whereas in Shantibasti area there is no subsidence seen. Due to lack

of data and proper description of the reported subsidence sites, this result cannot be validated.

The google earth image of portions of each location is shown in Figure 4.4. The subsidence
coverage area and maximum subsidence depth of each location is shown in Table 4.1. Subsidence

depths less than 2 cm has not been considered while calculating the coverage area.
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Table 4.1 Detail information of the Land subsidence affected area.

Location Location Name Location Specification Subsidence Maximum

Point Coverage Subsidence
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

L4 Imadol Residential and cropland 5.7 11

with few brick kilns

L5 Thimi Mixed use development 3.0 11

L6 Madhyapur Thimi Mixed use development 2.0 11

L7 New Baneshwor and ~ Mixed use development 2.1 8

Koteshwor
L8 Gothatar Residential and cropland 1.0 5

with portion of runway
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Figure 4.4. Google Earth images from the year 2011 showing portions of land subsidence
locations L1 to L8.
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The subsidence rates (velocity) of the occurred land subsidence was also obtained from the Dual
Pair DINSAR processing. The subsidence rates for Locations L1 to L8 in the period from
2007/11/02 to 2010/02/07 was found to be 4.8, 2.6, 3.3, 3.0, 3.5, 2.9, 1.8 and 1.1 cm/year
respectively. The velocity of land subsidence may depend on various factors like the amount
groundwater extraction, recharge ability of the aquifer and the speed of the consolidation process
of the sediments. Therefore, land subsidence may not proceed at the same rates for other time
periods. This makes it difficult to predict the future estimate of subsidence without detailed study
of the geologic setting and hydrogeology of the location.

The subsidence volume for each location was also estimated using Equation 3. The subsidence
volume estimation for each location is shown in Table 4.2. These values were further used for

hazard mapping of land subsidence in this research.

Table 4.2 Volume estimation of land subsidence locations.

Location Areal (m?) Area2(m?)  Height (m) Volume (mq)
Conel 124000 41000 0.04 3151
Cone 2 162000 44000 0.04 3872
Upper part 5179000 380000 0.12 278474
Location L1 Total 285498
Location L2 1369000 12000 0.11 55336
Location L3 4290000 900000 0.11 262348
Location L4 3696000 399000 0.11 194677
Location L5 536000 424000 0.11 52680
Location L6 1092000 194000 0.11 64030
Conel 1079000 211000 0.05 29452
Cone 2 784000 52000 0.05 17299
Location L7 Total 46751
Location L8 1000000 1000000 0.02 20000
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Comparison with groundwater extraction data:

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 valleys
groundwater basin whereas the deep aquifer is thicker towards the central and south part. The
aquitard layer is thinnest at the northern part of the valley therefore, there is a connection between
the shallow and deep aquifer here. The main natural recharge area is towards the northern part and
a small area contributing to recharge is located towards the southern part (Pandey et al., 2012).
Location L1, L7 and L8 lie on the northern part of the groundwater basin where the shallow aquifer
is thicker whereas Location 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
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 aquifer is dominant throughout the valley. The depth of deep tube well mainly
lies in a range of 30 meters to 300 meters and the daily discharge ranges from 3000 liters per day
to 400000 liters per day (KVWSMB data).

Figure 4.5 shows the locations of registered deep tube wells in the subsidence locations of
Kathmandu valley. We can see that the concentration of wells is denser in Location L1 where the
subsidence is highest (17 cm) and sparse in other locations where the subsidence amount is lower.
However, there are many unregistered wells throughout the valley without information on their
depth and discharge which makes it difficult find an exact relation. Nonetheless, considering the
density of urban built up (refer to Figure 4.4) it can be assumed that the concentration of deep tube
wells will be higher in 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 (Sato et al., 2003). 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 review that extensive water extraction is one

of the main causes of land subsidence. From the results obtained from this research, we can
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consider that water extraction does have a relation with the 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.
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Figure 4.5 Location of registered deep-well pumps in land subsidence locations (indicated by
maroon line boundary) in Kathmandu Valley. (Source for location of pumps: Kathmandu Valley
Water Supply Management Board).

Comparison with geology:

Land subsidence map generated by DINSAR processing in this research was briefly compared with
the geological map of Kathmandu valley. Figure 4.6 shows the subsidence contour map overlaid
on the geological map of Kathmandu valley. The maximum amount of subsidence (indicated by
red color in Figure 4.3) can be seen over the Gokarna Formation. This formation is mainly

composed of sands terrace from fluvio-lacustrine origins (Piya, 2004). Also, a spread of thick array
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of sandy and silty sediments without clay content was observed from the extensive borehole data
of this formation (Sakai, 2001). Similarly, Locations L5, L7 and L8 are also situated over the
Gokarna Formation. Locations L2, L4, L6 and small portion of Locations L3 and L7 are situated
over the Kalimati Formation. Kalimati is a local name for black clay. According to Sakai, 2001,
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 is vastly distributed underneath the surface
of central portion of the Kathmandu Valley.

+ Tubewell

® Dugwell
Stone spout
Major rivers in valley
_7;
Alluvial fan b g
-

"

Basal Boulder Bed

[
% Chapagaon Formation

Colluvial soil

% Gokarna Formation

27°40N

iz Kalimati Formation

Kobgaon Formation

E Lokundol Formation Q{b

ETE :
%:=2w Recent Floodplain

Residual Soil

m Tokha Formation

7°36'N

Y

85°14E

Figure 4.6 Subsidence contour overlaid on geological map of Kathmandu valley. (Geological map
adapted from engineering and environmental geological map of Kathmandu valley, Department of
Mines and Geology, Government of Nepal by Pathak et al., 2010)

It can also be seen in Figure 4.6 that a larger portion of Location L3 is situated over the Chapagaon
Formation. This formation consists of somewhat rounded silty sandy gravel, sporadically with
boulder bed covered with less than 1 m thin clayey silt and silty sand (Shrestha and Shah, 2014).
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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 Formation. The
main constituents of these formations are silica, sand, silt, clay and silty sandy gravel. As
mentioned in the mechanism 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 in this study.

These constituents are the main contents of the geology of Kathmandu valley and are spread
throughout the valley, concluding 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
characteristics) for subsidence occurrence is the major factor that determines the occurrence of

land subsidence in the study area.

Furthermore, 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.

Also, due to the non-existence of previous land subsidence measurement data and difficulty in
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 D-InSAR is a well-

established methodology known to give accurate results for land deformation in urban areas.

4.2 Land Subsidence Mapping using ALOS 2 PALSAR 2 data

The D-InSAR interferogram of Kathmandu valley for the observation interval 2014/11/07 to
2015/05/08 is shown in Figure 4.7. Interferogram fringes can be seen throughout the scene, this
is because on April 25, 2015, a devastating earthquake of magnitude Mw 7.8 (US Geological
Survey, 2015) struck central Nepal. The epicenter was approximately 80 km northwest to
Kathmandu main city core. Liner interferogram fringes seen in the northern and southern part of

the Kathmandu valley (indicated by A in Figure 4.7) show color change from blue to yellow to
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red to blue which indicates that land uplift has occurred in that area. Similarly, fringes in the center
part of the valley (indicated by B in Figure 4.7) display the color change from blue to red to yellow
which implies that land subsidence has occurred. The amount of subsidence and uplift occurred
are discussed later in this section.
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Figure 4.7. Differential Interferogram for Kathmandu valley from 2014/11/07 to 2015/05/08
where A indicates areas of uplift occurrence and B indicates area of subsidence occurrence.
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The D-InSAR interferogram of Kathmandu valley for the observation interval 2015/05/08 to
2015/07/03 is shown in Figure 4.8. This interferogram shows the deformation caused by a strong
aftershock of Mw 7.3 that followed the major earthquake on 12 May 2015 whose epicenter was
approximately 65 km northeast to Kathmandu main city core. Little amount of subsidence (where
the color has changed from blue to red) and uplift (where the color has changed from blue to
yellow) can be observed in the valley. The amount of subsidence and uplift occurred are discussed

altogether later in this section.
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Figure 4.8. Differential Interferogram for Kathmandu valley from 2015/05/08 to 2015/07/03.
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The D-InSAR interferogram of Kathmandu valley for the observation interval 2015/07/03 to
2015/10/23 is shown in Figure 4.9. This interferogram shows the deformation caused by minor
aftershock (< Mw 6) events after all the major earthquake had ceased. Subsidence occurrence can
be seen in places where the interferogram fringe color has changed from blue to red.

85°T30"E 85"18°0"E

27°45'30"N
27°48'30"N

27°360"N
27°360"N

Figure 4.9. Differential Interferogram for Kathmandu valley from 2015/07/03 to 2015/10/23.
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The overall D-INSAR interferogram generated by dual pair differential interferometry of
Kathmandu valley for the observation interval 2014/11/07 to 2015/10/23 is shown in Figure 4.10.
Interferogram fringes can be seen throughout the scene. Interferogram fringes seen in the northern
and parts surrounding the valley center (indicated by A in Figure 4.10) show signs of uplift
whereas the center and the southern part of the Kathmandu valley (indicated by B in Figure 4.10)

show subsidence occurrence.
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Figure 4.10 Differential Interferogram of Kathmandu valley for the observation interval
2014/11/07 to 2015/10/23 generated by ALOS 2 PALSAR 2 data.
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Comparing the interferogram generated from ALOS PALSAR data (2007/11/02 — 2010/02/07)
and ALOS 2 PALSAR 2 data (2014/11/07 — 2015/10/23) shown in Figure 4.11 A and B
respectively, it is visible that the locations of subsidence occurrence is similar. This indicates that
despite the earthquake event, the subsidence pattern and location are similar.
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Figure 4.11 (A) Differential Interferogram generated from ALOS PALSAR data (2007/11/02 —
2010/02/07) and (B) Differential Interferogram generated from ALOS 2 PALSAR 2 data
(2014/11/07 — 2015/10/23).

The subsidence contour with its displacement values in centimeters for the land subsidence
affected area (from 2014 to 2015) similar to that generated from ALOS PALSAR (from 2007 to
2010) indicated by L1 — L7 is shown in Figure 4.12. The subsidence location identified for 2007
to 2010 resembles the subsidence locations identified for 2014 to 2015. The details of these
locations are presented in Table 4.3.

Location L1, central Kathmandu shows a maximum amount of subsidence corresponding to 25
centimeters. The same location had experience 17 cm subsidence within 2007 to 2010. There is
not much difference in the area affected by subsidence in the two observed time periods (refer to
Figure 4.3). All the other location show an amount of 10 cm subsidence expect for Location L5
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Figure 4.12 Subsidence contour showing displacement values in centimeter for land subsidence
affected area for 2014/11/07 — 2015/10/23.

where a small area (near Lokanthali) shows a subsidence of 25cm and Balkot area shows a
subsidence of 15 cm. A visible decrease in Location L3, L6 area and increase in Location L4 and
L5 area is evident. Also, subsidence was not detected in Gothatar (Location L8; refer to Figure
4.3) which showed subsidence occurrence previously.

It is evident that the rate of subsidence has increased drastically. There might be two factors
contributing to this increase. First and most significant being the increase in groundwater
extraction. As mentioned by the Central Bureau of Statistics, the population of the valley has
tripled in the last thirty years and this increase in bound to be continue in future as well (CBS,
2012).

Since, no change has been made to the condition regarding groundwater resources use in the valley,
the population increase will have a direct effect on groundwater extraction that ultimately affects
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the subsidence rate. The second factor that might have contributed to this increase in the rate of
subsidence can be the effect of 2015 Earthquake event. As mentioned in the ‘Literature Review’
chapter earlier, Kathmandu valley was rocked by the earthquake in such a way that some parts
experienced uplift and some parts experienced subsidence (refer to Figure 2.3). Also, after the
2011 Tohoku earthquake, Chiba prefecture had experienced a similar change in the velocity of
land subsidence; the trend was regained after the earthquake. However comprehensive study is

required to find the relationship between earthquake occurrence and land subsidence.

Table 4.3 Detail information of the land subsidence affected area (2014-2015).

Location Location Name Location Specification Subsidence Maximum
Point Velocity Subsidence
(cm/yr. *) depth (cm)
L1 Central Kathmandu Mixed use development 15 25
L2 Chauni Old Army Camp 8.0 10
L3 Lalitpur Mixed use development 7.6 10
L4 Imadol Residential and cropland with 6.5 10
few brick kilns
L5 Thimi Mixed use development 15 25
L6 Madhyapur Thimi Mixed use development 4.0 10
L7 New Baneshwor and Mixed use development 4.5 10
Koteshwor

*350 days and earthquake event
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4.3 Risk Assessment of Land Subsidence

An indicator framework based on the Disaster Risk Index method was prepared with two
significant factors for risk assessment along with three indicators for each factor. The indicators
were weighted by its significance to govern land subsidence risk using the AHP multi-criteria
decision making process. The values of each indicator were classified into three classes Low,
Medium and High where low indicates the lowest hazard / vulnerability level and high indicates
the highest hazard / vulnerability level. Table 4.4 shows the weighted values and grade and values

for the respective indicators.

Table 4.4 Weighted values and grade and value for indicators of land subsidence risk assessment.

Index Grade and value
Low Medium High
Factor Indicator Weighted [1] [2] [3]
value

Accumulated Subsidence 0.63 0-10000 | 10000-100000 | >100000

volume (mm)

Subsidence velocity 0.26 0-30 30-50 >50

Hazard

(mml/yr.)

Groundwater exploitation 0.11 0-8 8-16 >16

intensity (10 A4 m®/yr.)

Population density 0.67 0-1000 1000-10000 >10000

(person/km?)

GDP per km? 0.24 0-99 100-499 >500
Vulnerability

(10*$)

Construction land 0.09 0-49 50-79 >80

proportion (%)
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4.3.1 Land Subsidence Hazard Evaluation

Kathmandu valley was divided into three zones corresponding to the major cities Kathmandu,
Bhaktapur and Lalitpur along with the subsidence locations obtained from previous processing for
hazard evaluation. The data values of indicator for each zone and location is shown in Table 4.5.
The volume and maximum subsidence velocity for the three zones were considered to be nil as no

subsidence was detected in these areas.

Table 4.5 Data values of indicators used for land subsidence hazard evaluation of Kathmandu
valley.

Location Volume Maximum Average Discharge
(m) subsidence (1074 m’/yr.)
velocity(mm/yr.)

Location L1 285498 48 32
Location L2 55336 26 4
Location L3 262348 33 3
Location L4 194677 30 2
Location L5 52680 35 4
Location L6 64030 29 1
Location L7 46751 18 3
Location L8 20000 11 2
Kathmandu zone - - 4
Lalitpur zone - - 4
Bhaktapur zone - - 3

The land subsidence hazard map of Kathmandu valley is shown in Figure 4.13. Land subsidence
in Kathmandu valley mainly situates in low hazard area (indicated by yellow colour in Figure
4.13). High hazard areas can be seen scattered in the subsidence locations L1, L3 and L4 (indicated
by red colour in Figure 4.13) whereas medium hazard areas can be seen scattered in the subsidence
locations L2, L5, L6, L7 and L8 (indicated by green colour in Figure 4.13).
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This indicates that there is a high probability that land subsidence occurrence is bound to intensify
in locations L1, L3 and L4 considering there is no reduction in the average groundwater discharge.
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Figure 4.13 Land subsidence hazard map of Kathmandu valley generated through GIS
processing for the period of 2007 Nov 02 to 2010 Feb 07.
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4.3.2 Land Subsidence Vulnerability Evaluation

In the same manner to hazard evaluation, Kathmandu valley was also divided into three zones

corresponding to the major cities Kathmandu, Bhaktapur and Lalitpur along with the subsidence

locations obtained from previous processing. The data values of indicator for each zone and

location is shown in Table 4.6. The individual subsidence locations were categorized into their

respective municipality owing to the fact that it is difficult to acquire social and economic data (i.e.

population density and GDP) for such small zones.

Table 4.6. Data values of indicators used for land subsidence vulnerability evaluation of

Kathmandu valley.

Location Municipality Population GDP ($) Construction
density land
Proportion
(%)
Location L1 Kathmandu 19726 749582 80
Location L2 Kathmandu 19726 749582 95
Location L3 Lalitpur 14574 1014539 80
Location L4 Lalitpur District 3241 4562750 30
Location L5 Madhyapur Thimi 7717 1916042 60
Location L6 Madhyapur Thimi 7717 1916042 20
Location L7 Kathmandu 19726 749582 70
Location L8 Kathmandu 19726 749582 50
Kathmandu zone 2382 6 60
Lalitpur zone 1197 12 40
Bhaktapur zone 680 22 30

(Data sources: KVDA; National Accounts Section, CBS and Ministry of Land Reform and

Management, Government of Nepal) *refer to section 3.4 Methodology of Risk Assessment” for

details.
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The land subsidence vulnerability map for Kathmandu valley is shown in Figure 4.14. The
evaluation results show that subsidence location L1, L2, L3 L7 and L8 (indicated by red colour in
Figure 4.14) are highly vulnerable areas. These locations are situated in the main urban core of
the Kathmandu valley where the population density is the highest and the economy is the most
developed. Kathmandu zone, Lalitpur zone and subsidence locations L4, L5 and L6 are found to
be in medium vulnerable zone (indicated by green colour in Figure 4.14). Lowest vulnerability is
seen in Bhaktapur zone as the population density and economic activity is lowest in this area. The
result indicates that Location L1, L2, L3 L7 and L8 are most sensitive to damage caused by land

subsidence.
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Figure 4.14 Land subsidence vulnerability map of Kathmandu valley generated through GIS
processing for the period of 2007 Nov 02 to 2010 Feb 07.
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4.3.3 Land Subsidence Risk Evaluation

Land subsidence risk map of Kathmandu valley was generated based on the hazard and
vulnerability evaluation in GIS using Equation 4 (Figure 4.15). The areas where land subsidence
was detected through DINSAR processing were found to be in high (Location L1 and L3; indicated
by red colour in Figure 4.15) and medium (Location L2, L4, L5, L6, L7 and L38; indicated by
green colour in Figure 4.15) risk areas. However, rest of the Kathmandu valley was found to be
at low risk of land subsidence (indicated by yellow colour in Figure 4.15).
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Figure 4.15 Land subsidence risk map of Kathmandu valley generated through GIS processing for
the period of 2007 Nov 02 to 2010 Feb 07.
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Since, the surface covered by basement rock is not susceptible to land subsidence, the obtained
risk map was further modified by overlaying the basement rock boundary. Figure 4.16 shows the
risk map with no risk areas (indicated by light yellow colour), Low risk areas (indicated by yellow
colour), Medium risk areas (indicated by green colour) and High risk areas (indicated by red
colour). This obtained risk map is not the future prediction of risk that could arise from land
subsidence as it uses the present data from 2007 to 2015.
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Figure 4.16 Land subsidence risk map of Kathmandu valley along with the basement rock
boundary generated through GIS processing for the period of 2007 Nov 02 to 2010 Feb 07.
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This risk map is purely a representation of areas that are liable to damage induced by the current
scenario of land subsidence. Regular monitoring of the subsidence and the other affecting factors

will be required to obtain an updated risk map.

Shrestha, et al., (2017), also predicted that Kathmandu valley is at low risk through a model-based
estimation of land subsidence. Even though the prediction has not been validated, it resembles the
result of this study.

Kathmandu valley is pristine in terms of land subsidence related research. Due to lack of proper
scientific data and research, evidence of damage caused by land subsidence has not been reported
in Kathmandu valley till date. Case studies from around the world can be referred to utilize the
knowledge and experience in planning and policy making to reduce if not prevent the disastrous
effect of land subsidence. The location of Kathmandu valley has a very close resemblance with
the location of Mexico City where land subsidence has been documented very well. Hence, case

study of land subsidence in Mexico City is discussed here.

Comparison with case study of Mexico City:

Mexico City is the capital city of Mexico located in the valley of Mexico Basin. It is surrounded
by volcanic chain and mountains with elevations reaching up to 5000 m (NRC staff, 1995). Like
the origin of Kathmandu Valley, Mexico City emerged where there was once Lake Texcoco,
therefore the geology consists of highly saturated clay (Maricela et al., 2002). The geology is
classified into three zones namely Foothill zone, Transition zone and Lake zone. The Foothill zone
comprises heterogeneous volcanic deposits and lava. The Transition zone mainly comprises of
sand and gravel alluvial deposits along with volcanic materials. The lake zone comprises of highly
compressible lacustrine clays (Yan et al., 2012).

The city has been suffering from groundwater extraction related subsidence since decades (Cabral-
Cano et al., 2012). The city has been reported with subsidence reaching up to 38 cm/yr. (Yan et
al., 2012). The main cause has been identified to be the drying and compaction of soft clay layers
which has less permeable capacity and is mainly triggered by excessive groundwater exploitation

from the aquifers (Lapez-Quiroz et al., 2012).

84



The main problems reported relating to land subsidence in Mexico City are

e decrease in runoff and wastewater drainage ability, that ultimately results in flooding
during rainy season (Maricela et al., 2002).

e Disruption to the water transportation structures (i.e. pipelines, canals) resulting in
interference with water supply (Yan et al., 2012)

e Damage to the stability of manmade infrastructure (Buildings, transportation facilities like

highways, roads and bridges) due to changes in surface gradients (Yan et al., 2012)
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Figure 4.17 Buildings in Mexico City displaying wave pattern from left to right as a result of long

term groundwater extraction induced land subsidence. (Source: Conifer-Hunting in Mexico, USGS, 2016)

Since, there is a close resemblance in Kathmandu Valley and Mexico City, it can be expected that
these problems may be encountered in Kathmandu Valley in near future if current situations
prevail. The high-risk areas indicated by red color in Figure 4.15, Central Kathmandu and Lalitpur
which are the main urban core of the valley has the highest probability to suffer from such damages.
Other locations that are at medium risk to such damages are Chauni, Imadol, Thimi, Madhyapur
Thimi, New Baneshwor and Koteshwor and Gothatar. Since, these damages are not limited to a
point location, the periphery areas are also bound to suffer. Figure 4.18 shows inundated roads in
some of the parts of Kathmandu valley, the actual cause of which are unknown. However, this
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research has detected subsidence in the site of the pictures taken and comparing with the case of
Mexico City, this reduction in rainwater drainage ability could be a result of land subsidence.

Further detailed study might be able to find the actual cause of this inundation.

Figure 4.18 Pictures published in the Nepalese national newspapers showing (a) Inundated road
in Putalisadak, Kathmandu (Location L1), on June 28" 2016. (b) Inundated road in Jamal,
Kathmandu (Location L1). (c) A waterlogged road in Jawalakhel, Lalitpur district (Location L3),
on August 1%, 2016.

Comparison with case study of Japan:

Japan has a very long history of Land subsidence. From the beginning of the 20" century, land
subsidence has damaged buildings and public property like open channels, levees and bridges
(Sato et al., 2003). The main cause of land subsidence in Japan has been identified to be excessive
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groundwater pumping in areas where soft ground is present (Hirono and Wadati, 1939). Ever since
the problem was identified many surveys and research were done to investigate the situation and
find the exact cause. Repeated precise levelling were done in various locations; observation wells
that could also record the compaction were constructed; soil tests were conducted; a series of 5-
year land subsidence explorations were carried out; industrial groundwater extraction amounts
were surveyed; regional hydrogeological surveys were conducted; geological and hydrogeological
maps were constructed (Inaba et al., 1969). All these surveys and research results made Japan data
rich in terms of land subsidence issues. Therefore, they were able to the reduce and prevent land
subsidence in some of the areas by enacting the “Industrial Water Law (1956)” and “Law
concerning the regulation of pumping up of underground water for use in buildings (1962)”.
Additionally, counter measures like development of surface water resource and voluntary saving
of ground water were also implemented (Sato, 2001). Even though, subsidence is reduced to some
extent, it increases temporarily during dry years when the surface water is in short supply and the
ground water demand is high. Currently, the Basic Environment Law of Japan has categorized

land subsidence as a public nuisance and is treating it as a social problem.

Although, Japan has been successful to reduce land subsidence and gather enough information;
continuous monitoring is still being done employing new technologies for increased efficiency.

On the other hand, Nepal is very new to the issue of land subsidence and lags in terms of data
availability to address this issue. However, utilizing the learnings and experiences of Japan can be

beneficial for Nepal not only to monitor the subsidence but also to reduce and prevent the problem.
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5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion

This study is the first to detect the current situation of land subsidence in Kathmandu Valley, Nepal
by the application of Differential Synthetic Aperture Radar Interferometry (D-InSAR) technique
to Advanced Land Observation Satellite Phased L-band SAR (ALOS- PALSAR) data along with

risk assessment of land subsidence using Geographic Information System (GIS).

Most of the subsidence was found to have occurred in the center of the valley where the population
density is relatively higher than the surrounding. Majority of the subsidence region comprised of
mixed used development areas, where ground water extractions can be assumed to be in higher
levels. Also, the locations where land subsidence is identified are the locations where rapid
urbanization is taking place. Subsidence volume for each location was also derived by application

of a simple mathematical formula which was further used for assessing the subsidence risk.

The generated subsidence map was further studied on the basis of groundwater extraction and
geology of Kathmandu valley. It was found that the concentration of groundwater discharge units
was higher in locations detected with high amounts of subsidence. However, in order to get a
precise relationship between groundwater extraction and subsidence a more exquisitely detailed
study including the recharge ability of the aquifer should also be conducted. Analysis of subsidence
based on geology revealed that subsidence occurred in locations mostly comprising of

unconsolidated fine-grained sediments (silica, sand, silt, clay and silty sandy gravel).

Land subsidence was also mapped after the devastating 2015 Gorkha Earthquake event using
ALOS 2 PALSAR 2 data to see if it had any effect in the subsidence observed before the event.
No difference was found in the location of subsidence occurrence. However, a little change in

velocity and area covered were observed.

Land subsidence risk assessment based on current data revealed that the identified subsidence areas

are at high and medium risk of suffering from subsidence induced damages like decrease in runoff
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and wastewater drainage ability, disruption to water transportation structures and damage artificial
infrastructure stability whereas the rest of the Kathmandu valley is at low risk under the

circumstance that similar conditions prevail.

The outcomes of this research exhibit the advantage of DINSAR technique in detecting land
subsidence and further utilizing the results for risk assessment. It was found that applying DINSAR
technique over conventional ground measurement methods to complex terrain with difficult
accessibility provides effective and inexpensive method for disaster identification and monitoring.
Also, it was found that analyzing the results using AHP and GIS tools gave a much better

perspective.

Land subsidence is a very complex phenomenon affected by various factors and very little study
has been done in Nepal as of now. Therefore, the outcomes of this research even though it is not
directly validated and produced with limited data; can be used as a base for further detailed study.

The results could also serve beneficial for developing disaster prevention policy.
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5.2 Recommendation for future research

DInSAR was applied to ALOS PALSAR data to detect land subsidence in Kathmandu valley
because ALOS PALSAR covers a large area and since no study relating to land subsidence was
conducted previously in the study area, it would serve as a best option to identify 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 millimetre accuracy. Also, other
SAR data with fewer 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.

Using detailed groundwater extraction data along with recharge ability of the aquifer, thickness
and speed of the consolidation process of the sediments would provide precise information about

subsidence.

In addition, a more comprehensive risk assessment of land subsidence can be done by considering
other indicators like the geological characteristics and land use type of the location. This would
give a more detailed outlook on factors that can be controlled to reduce if not prevent a huge
disaster. Also, in this study, it was assumed that the study area had no capacity for disaster
prevention and reduction for risk assessment. However, different case scenarios like with
government action to reduce groundwater exploitation and with government action to reduce or
prevent construction land proportion can be employed to judge the situation in a different

perspective.
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Annex

Appendix 1: Analytic Hierarchy Process calculation sheet for hazard mapping.

1. Pair wise comparison

Table: Pair wise comparison matrix which holds the preference values (For Hazard)

Criteria Ci11 C12
Ci11 1 3
C12 0.33
C13 , 0.33
Total /153 433

1/C12

y
1/C13

Factor

C11 (volume)
C12 (Velocity)

C13 (GWE
Intensity)

2. Normalization and 3. Consistency

Analysis

Factor
Cl1
C12
C13
Total

Cl1

0.65
0.22
0.13
1.00

C12

0.69
0.23
0.08
1.00

C13

Factor weighting score

More importance than
987 65
987 654

987 6054

32

C13

0.56
0.33
0.11
1.00

Equal

Total

Factor
Less importance than
1 234 567 C12
1 23 4 567 C13
1 234 567 Cl11
Priority Vector
Average Consistency Measure T max
1.90 0.63 3.07 0.97
0.78 0.26 3.03 1.13
0.32 0.11 3.01 0.96
1.00 3.06
Consistency Index (CI) 0.03
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Random Index
(RI)
C Ratio

0.58 (Saaty,1980)

0.05



Appendix 2: Analytic Hierarchy Process calculation sheet for vulnerability mapping.

1. Pair wise comparison

Table: Pair wise comparison matrix which holds the preference values (For Vulnerability)

Criteria C21 C22 Cc23
Cc21 1 3 7
Cc22 0.33 1 3
C23 014 0.33 1
Totall 1.48  4.33 11
Factor Factor weighting score Factor
More importance Equal Less importance than
than
C21 (Popn density) 987 654 32 1 234 567 89 C22
C22 (GDP/km2) 987 654 32 1 234 567 89 C23
C23 987 654 32 1 234 567 89 C21
(Constructionland
propon)
Priority Vector
2. Normalization and 3. Consistency
Analysis l
Factor C21 C22 C23 Total Average Consistency Measure =z max
Cc21 068 069 0.64 2.01 0.67 3.01 0.99
c22 023 023 0.27 0.73 024 301 1.05
C23 0.10 0.08 0.09 0.26 0.09 3.00 0.97
Total 1.00 100 1.00 1.00 3.01

Consistency Index (CI) 0.01

Random Index 0.58 @ (Saaty,1980)
(RI)
C Ratio 0.01
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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.

Keywords: land subsidence; ALOS PALSAR; DInSAR; Kathmandu valley; urban

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 extensometers
[37]. Previously, several researchers have applied this method to map and monitor groundwater
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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?2. 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.

85°18'0"E 85°28'30"E

27°46'30"N
27°46'30"N

27°36'0"N
27°36'0"N

85°18'0"E 85°28'30"E

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
ar 19 March 2008
Pair 2 2 November 2007 88 257

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 + gatm + pnoise + ptopo + ¢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; @topo 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 cosO (2)

where Az is ground displacement in a vertical direction; Asl is ground displacement in a slant range;
and O 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 2m, which means that every time the phase change
exceeds 27, the phase value starts with 0 again and the cycle repeats itself. This is called 2t ambiguity
and phase unwrapping resolves this problem.
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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.

Coherence

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 Figure 2 and Figure 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
residential, commercial, cultural, institutional, and/or industrial uses, along with their physical and
functional integration, including pedestrian connections [64]). Location L2 —Chauni and periphery —
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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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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.

Maximum
Location Subsidence Coverage
Location Name Location Specification Subsidence Depth
Point Area (km?)
(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 with
L4 Imadol 57 11
few brick kilns

L5 Thimi Mixed-use development 3.0 11

L6 Madhyapur Thimi Mixed-use development 2.0 11

New Baneshwor
L7 Mixed-use development 2.1 8
and Koteshwor

Residential and cropland with
L8 Gothatar 1.0 5
portion of airport 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.
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Figure 8: Location of registered deep well in Kathmandu Valley. (Source: Kathmandu valley water
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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.,
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groundwater 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.

+ Tubewell
® Dugwell
| Stone spout

Major rivers in valley

Alluvial fan

27°44'N

Basal Boulder Bed

/ Chapagaon Formation

LNE

Colluvial soil

% Gokarna Formation

Kalimati Formation

27°40N

Kobgaon Formation

| Lokundol Formation

%= w Recent Floodplain

Residual Soil

% Tokha Formation

27°36'N

85°14E 85°18°E 85°22E 85°26'E

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. Conclusion

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 as the best option for identifying subsidence zones. Now that this study reveals the areas
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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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Abstract

Land subsidence is identified as a global problem and intensive studies are
being conducted worldwide to detect and monitor risk of this problem. Risk
assessment of land subsidence is simply an evaluation of the probability and
frequency of occurrence of land subsidence, exposure of people and property
to the subsidence and consequence of that exposure. Remote sensing tech-
nology was used to extract information of land subsidence in Kathmandu
Valley, Nepal. Also, Disaster Risk Index method and Analytic Hierarchy
Process (AHP) along with Geographic Information System (GIS) tools were
used to assess risk of land subsidence in Kathmandu Valley, Nepal. Subsi-
dence volume for locations Central Kathmandu, Chauni, Lalitpur, Imadol,
Thimi, Madhyaour Thimi, New Baneshwor, Koteshwor and Gothatar was
calculated using a simple mathematical formula. The subsidence depth for
these locations was found to be in a range of 1 cm to 17 cm and the maximum
subsidence velocity was found to be 4.8 cm/yr. This study revealed that the
location where maximum subsidence was observed (i.e. Central Kathmandu
and Lalitpur) was found to be at high risk of experiencing land subsidence
induced damage. Other location where subsidence was observed was found to
be at medium risk and the rest of the Kathmandu valley was found to be at
low risk with current data situation. This study can be considered as the first
step towards other comprehensive study relating to land subsidence risk as-
sessment. The outcome of this research provides a basic understanding of the
current situation that can further assist in developing prevention and risk
management techniques.
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1. Introduction

1.1. Background

Land subsidence is just a geological phenomenon either triggered by natural or
anthropogenic activities but when this phenomenon has the probability of re-
sulting harmful consequences or the expected loss (of lives, property, livelih-
oods, economic activities or environment) then it is considered as risk [1]. Risk
factors are compounded by rapid increase in urban population and economic
development [2]. The physical damage caused by land subsidence can be mainly
categorized into two forms: damage on artificial (manmade) infrastructures and
damage on natural systems. Significant damage is seen in areas corresponding to
land subsidence occurrence.

The main damage on manmade infrastructure reported worldwide is mostly
related to water transport structures [3] [4]. Since land subsidence affects the
elevation of the ground, and because water transportation infrastructures are
very sensitive to minor gradient changes, subsidence can hugely affect such
structures. Other reported problems include damage to buildings and transpor-
tation facility (ie. roads, bridges, railways).

The damage to manmade infrastructures is more emphasized and noticeable
unlike to the damage to natural systems, which is invisible and generally more
threatening. The main reason is that artificial infrastructure damages can gener-
ally be repaired opposed to natural system damage which is generally perma-
nent. Some of the examples of natural structure damage are permanent compac-
tion of aquifer system, change in topography which ultimately affects the river
patterns and low lying areas.

The other main factor affected by land subsidence is damage to the social en-
vironment which includes the human society and the economic development
level. The physical damage caused by land subsidence will eventually affect the
social environment directly or indirectly but the intensity is determined by the
recoverable capability of life, property and various economic activities in the
disaster affected areas. Remarkable economic losses have been caused by land
subsidence throughout the world [5] [6] [7].

Kathmandu valley, the capital and the urban core of a developing country
Nepal is lagging in terms of data documentation and research work regarding
land subsidence and its risk assessment. The factors that make a location prone
to land subsidence risk (Ze. geology and groundwater extraction characteristics)
are in favor of the valley, yet research is not being conducted. Also, the valley is
experiencing rapid increase in population and economic development in the past
few decades that will ultimately contribute to increase in risk of damage induced
by land subsidence if no counter measures are considered.

Therefore, it is necessary to assess land subsidence risk for decision and policy
makers to prevent a huge potential disaster. Risk assessment is simply an appli-
cation of a methodology for evaluating risk, where risk is defined as the proba-
bility and frequency of occurrence of a hazardous event, exposure of people and

property to the hazard and consequences of that exposure [1].
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Most frequently deployed approach for land subsidence risk assessment are by
the means of Geographic Information System (GIS) techniques and Disaster
Risk Index Method and Analytic Hierarchy Process (AHP) [1] [7] [8] [9]. GIS
provides robust tools for inclusive spatial modeling and analysis. Disaster Risk
Index method is an approach where the hazard, the vulnerability and the capa-
bility of disaster prevention and reduction are considered for the quantitative
evaluation of a risk. AHP is a multi-criteria mathematical evaluation method
used for decision making where hierarchical structures are used to quantify rela-
tive priorities for a given set of elements on a ratio scale set by the user [1].

The main objective of this study is to assess land subsidence risk in Kath-
mandu valley, Nepal, by using Geographic Information System (GIS) tech-
niques, Disaster Risk Index Method and Analytic Hierarchy Process (AHP).
Land subsidence map of Kathmandu valley for 2007 to 2010 was generated by
applying the Differential Synthetic Aperture Radar Interferometry (D-InSAR)
technique before conducting this study. Peer-reviewed paper related to this
study can be found at http://www.mdpi.com/2073-445X/6/2/39.

1.2. Study Area

Kathmandu valley is the capital city of Nepal and hence has been a center of ever
growing economic activities from a very long time. Kathmandu valley is an ur-
ban agglomerate with a core urban center surrounded by extended urban eco-
nomic zones. The lack of decentralization of developmental activities has prop-
agated Kathmandu valley to be one of the most desired city to live in the country
consequently, increasing the internal migration rates. The population density of
Kathmandu valley is 2793 people per square kilometer as per the 2011 census
[10]. The increasing population and failure in implementing strict regulation has
resulted in haphazard development of the valley both in terms of infrastructure

and economy. The Landsat image of Kathmandu valley is shown in Figure 1.

2. Methodology
2.1. Data Used

Land subsidence volume and velocity obtained from D-InSAR processing (a
remote sensing technique) of ALOS PALSAR data from 2007 to 2010 was used
in this research. These results were obtained by the authors in a previous study
considered as the first part of this study (refer
http://www.mdpi.com/2073-445X/6/2/39).

Groundwater exploitation intensity data was used for hazard mapping of

land subsidence and was provided by the Kathmandu Valley Water Supply
Management Board (KVWSMB), Ministry of Water Supply and Sanitation,
Government of Nepal.

Population density, Gross Domestic Product (GDP) and Construction Land
Proportion data was used for Vulnerability mapping. Population density data was
obtained from the Kathmandu Valley Development Authority (KVDA), Government
of Nepal. GDP data for the study area was obtained from National Accounts Section,
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Central Bureau of Statistics, Government of Nepal. Construction land proportion data
was obtained from the Ministry of Land Reform and Management, Nepal.

2.2, Methodology

2.2.1. Methodology for Subsidence Volume Estimation
Through various literature review it was found that in most of the cases the shape of
subsidence is very much like a cone shape. Therefore, the subsidence volume of each

subsidence zone can be estimated by an assumption that the border extremities of a

subsidence zone are linearly moving at a constant rate. A simple cone model designed
by [11] is used to estimate the land subsidence volume (Figure 2).

Subsidence volume represented by the shaded portion in Figure 2 can be

85°18'0"E

27°46'30"N

27°36'0"N
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Figure 2. Cone model for volume estimation of
land subsidence.
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estimated by applying the formula of a volume of a cone which is shown in Equ-
ation (1) [12].

Vv :%[Al+\/A1A2+A2Jh (1)

where, V'is the subsidence volume to be estimated, Al is the upper base area, A2
is the lower base area and h is the height or the perpendicular distance between
the surface A1 and A2. Area Al and A2 was calculated in ArcGIS (Version
10.4.1) by converting each subsidence zone obtained by DInSAR processing into
a shapefile. The subsidence depth (/) and the velocity of land subsidence was al-
so obtained from the DInSAR processing result. The methodology for D-InSAR
processing to map land subsidence in Kathmandu valley from 2007 to 2010 has
been explained in detail in the first part of this study which can be found at
http://www.mdpi.com/2073-445X/6/2/39.

2.2.2, Methodology for Risk Assessment
The main objective for assessing risk of land subsidence is to link the subsidence
phenomenon with the damage it causes to the physical as well as social envi-
ronment. The main factors that help to determine risk are hazard and vulner-
ability. Therefore, a hazard map and vulnerability map were generated and then
combined to obtain the final risk map. The detailed methodology is explained as
follows.

Disaster Risk Index Method

Risk assessment is an approach for evaluating risk, where risk is defined as the
probability and frequency of occurrence of subsidence, exposure of people and
property to the subsidence and consequence of that exposure [1]. The degree of
risk of land subsidence significantly depends on two factors: hazard and vulner-
ability [7]. As per the disaster risk index method, quantitative risk can be esti-
mated by using Equation (2) [13].

DR=f(H,V,C) (2)

where, DR is the disaster risk, /is the hazard, Vis the vulnerability and Cis the
capability of disaster prevention and reduction.

Hazard, in general can be defined as a phenomenon that has the potential to
disrupt and damage people, property and their immediate environment. The
hazard of land subsidence refers to the intensity and the probability that land
subsidence will occur in a certain area in a certain period. As defined by the
Asian Disaster Preparedness Center, Land subsidence hazard evaluation simply
is the process of determining the degree of severity and the extent of the impact
area. In this research, accumulative subsidence volume, land subsidence velocity
and groundwater exploitation intensity was used as the indicators to evaluate
hazard in the study area [14]. The former two indicators were obtained from the
DInSAR processing results and the groundwater exploitation intensity data was
obtained from the Kathmandu Valley Water Supply Management Board
(KVWSMB), Ministry of Water Supply and Sanitation, Government of Nepal.

Vulnerability, in general can be defined as a concept that describes the factors
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(including economic, social and physical) aiding to reduce the ability to cope
with the potential hazards impacts. The vulnerability of land subsidence refers to
the measure of susceptibility to physical harm or damage caused due to land
subsidence. Vulnerability includes the ability of the human society and the eco-
nomic development level of the society to cope with the disaster caused by land
subsidence. Land subsidence vulnerability evaluation is the process of assessing
the sensitivity of the economy, population and physical infrastructure to the land
subsidence phenomenon. In this research, population density, gross domestic
product (GDP) and construction land proportion data was used as the indicators
to evaluate vulnerability of the study area [15]. Population density refers to the
number of people per unit area and this data for the study area was obtained
from the Kathmandu Valley Development Authority (KVDA), Government of
Nepal. GDP is one of the primary indicators used to evaluate the economic con-
dition of a country and this data for the study area was obtained from National
Accounts Section, Central Bureau of Statistics, Government of Nepal. Construc-
tion land proportion data gives the information of the proportion of built-up
space and open space. This data was obtained from the Ministry of Land Reform
and Management, Nepal.

The capability of disaster prevention and reduction refers to ability of the
country to prevent or reduce the effect of potential land subsidence on life,
property and economy. However, the land subsidence monitoring of the study
area being very poor it was assumed that the country has no ability to control
land subsidence at present.

Analytic Hierarchy Process (AHP)

Analytic hierarchy process is a multi-criteria mathematical decision making
process developed by Professor Thomas Saaty in (1977). This process uses hier-
archical structures to derive relative priorities for criteria (indicators) employing
pair wise comparisons. In this research, this process was used to give weights to
the indicators identified for evaluating hazard and vulnerability in MSExcel. The
basic procedure includes the following steps:

Pair-wise comparison: Pair-wise comparison matrix for hazard and vulner-
ability was developed separately to establish priorities among the indicators. The
result of comparison is derived in terms of integer.

Normalization: The integers obtained from the above step is normalized to
compute the priority vector which gives the relative weights among the indica-
tors and ultimately helps to decide which indicator is relatively more important
in determining land subsidence risk. Normalization generally means to average
the values in each row to compute the corresponding weight.

Consistency Analysis: The main objective of this step is to check if the prefer-
ence ratings made in the pair-wise comparison are consistent. This is measured
in terms of Consistency Ratio (CR), which can be calculated using Equation (3)
[16].

_Cl

CR=—
RI

3)
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where, CTis the consistency index and R/ is the random inconsistency indices.
RIis provided for each order of matrix by [16]. In this research, since the order
of matrix was 3, the corresponding R/ value 0.58 was used. The C7value can be
calculated using the Equation (4).

Amax =N

Cl=—"—%— (4)
n-1
where, 4, is the value obtained from the summation of product of each nor-

malized weight and sum of columns of the reciprocal matrix, n is the number of
indicators used. Saaty, (1980) suggests that the CR value equal to 0.1 or below
shows that the comparison is consistent and hence acceptable. (For detail descrip-
tion of the methodology refer “The analytical hierarchy process” Saaty, 1980).
After obtaining the weights for each indicators Hazard map and Vulnerability
map was generated in ArcGIS (Version 10.4.1). These two maps were then util-
ized to obtain the final Risk map by using Equation (2). The methodology flow-

chart for risk assessment is shown in Figure 3.

3. Result and Discussion
3.1. Volume Estimation of Land Subsidence

Figure 4 shows the interferogram image for Kathmandu valley generated by uti-
lizing DInSAR processing to ALOS PALSAR data acquired on 2007/11/02 and
2010/02/07. The locations of subsidence are indicated by L1, L2, L3, L4, L5, L6, L7
and L8. Location L1 represents the central Kathmandu area, L2 is Chauni area, L3
is Lalitpur area, L4 is Imadol area, L5 is Thimi area, L6 is Madhyapur Thimi, L7 is
New Baneshwor and Koteshwor area and L8 is Gothatar area. The details of this
result have been described in “Detection of Land Subsidence in Kathmandu Val-
ley, Nepal, using DInSAR Technique (Bhattarai ef al, 2017)” (refer

http://www.mdpi.com/2073-445X/6/2/39) considered as the first part of this study.

The subsidence volume for each location was estimated using Equation (1).

The subsidence volume estimation for each location is shown in Table 1. These

values were further used for hazard mapping of land subsidence in this research.

1. Risk Indicators Identification

Geophysical Data Social Data
- Land Ground Water | populati Gross Construction
Subsidence Subsidence Exploitation Dopu'a fon Domestic Land
Volume Velocity Intensity : ensity Product/km? Proportion
| I | 1
I I L I
| 2. Multi-criteria weighting (using AHP) | | 2. Multi-criteria weighting (using AHP) |
v v
| Land Subsidence Hazard Map | | Land Subsidence Vulnerability Map |

3. Risk Index Method

| Land Subsidence Risk Map |

Figure 3. Methodology flowchart for risk assessment.
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Figure 4. Differential interferogram for Kathmandu valley from 2007/11/02 to
2010/02/07 showing the subsidence locations L1 - L8.

Table 1. Volume estimation of land subsidence locations.

Location Area 1 (m?) Area 2 (m?) Height (m) Volume (m?)
Cone 1 124,000 41,000 0.04 3151
Cone 2 162,000 44,000 0.04 3872

Upper part 5,179,000 3,800,00 0.12 278,474
Location L1 Total 285,498
Location L2 1,369,000 12,000 0.11 55,336
Location L3 4,290,000 900,000 0.11 262,348
Location L4 3,696,000 399,000 0.11 194,677
Location L5 536,000 424,000 0.11 52,680
Location L6 1,092,000 194,000 0.11 64,030

Cone 1 1,079,000 211,000 0.05 29,452
Cone 2 784,000 52,000 0.05 17,299
Location L7 Total 46,751
Location L8 1,000,000 1,000,000 0.02 20,000

3.2. Risk Assessment of Land Subsidence

An indicator framework based on the Disaster Risk Index method was prepared

with two significant factors for risk assessment along with three indicators for

each factor. The indicators were weighted by its significance to govern land sub-
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sidence risk using the AHP multi-criteria decision making process. The values of
each indicator were classified into three classes Low, Medium and High where
low indicates the lowest hazard/vulnerability level and high indicates the highest
hazard/vulnerability level. Table 2 shows the weighted values and grade and

values for the respective indicators.

3.2.1. Land Subsidence Hazard Evaluation

Kathmandu valley was divided into three zones corresponding to the major cit-
ies Kathmandu, Bhaktapur and Lalitpur along with the subsidence locations ob-
tained from previous processing for hazard evaluation. The data values of indi-
cator for each zone and location is shown in Table 3. The volume and maximum
subsidence velocity for the three zones were considered to be nil as no subsi-

dence was detected in these areas.

Table 2. Weighted values and grade and values for indicators of land subsidence risk as-

sessment.
Grade and value
Index
Low Medium High
Weighted
Factor Indicator elghte [1] [2] [3]
value
Accumulated Subsidence volume
0.63 0 - 10000 10000 - 100000 >100000
(mm)
Hazard Subsidence velocity (mm/yr.) 0.26 0-30 30-50 >50
Groundwater exploitation intensity
0.11 0-8 8-16 >16
(10* m?/yr.)
Population density (person/km?) 0.67 0-1000 1000 - 10000 >10000
Vulnerability GDP per km? (10* $) 0.24 0-99 100 - 499 >500
Construction land proportion (%) 0.09 0-49 50-79 >80

Table 3. Data values of indicators used for land subsidence hazard evaluation of Kath-
mandu valley.

A Disch:
Location Volume (m®) Maximum subsidence velocity (mm/yr.) verage Discharge

(10* m®/yr.)

Location L1 285,498 48 32
Location L2 55,336 26 4
Location L3 262,348 33 3
Location L4 194,677 30 2
Location L5 52,680 35 4
Location L6 64,030 29 1
Location L7 46,751 18 3
Location L8 20,000 11 2
Kathmandu zone - - 4
Lalitpur zone - - 4
Bhaktapur zone - - 3
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The land subsidence hazard map of Kathmandu valley is shown in Figure 5.
Land subsidence in Kathmandu valley mainly situates in low hazard area (indi-
cated by yellow colour in Figure 5). High hazard areas can be seen scattered in
the subsidence locations L1, L3 and L4 (indicated by red colour in Figure 5)
whereas medium hazard areas can be seen scattered in the subsidence locations
L2, L5, L6, L7 and L8 (indicated by green colour in Figure 5).

This indicates that there is a high probability that land subsidence occurrence
is bound to intensify in locations L1, L3 and L4 considering there is no reduction

in the average groundwater discharge.

3.2.2. Land Subsidence Vulnerability Evaluation

In the same manner to hazard evaluation, Kathmandu valley was also divided
into three zones corresponding to the major cities Kathmandu, Bhaktapur and
Lalitpur along with the subsidence locations obtained from previous processing.
The data values of indicator for each zone and location is shown in Table 4. The
individual subsidence locations were categorized into their respective munici-
pality since it is difficult to acquire social and economic data (Ze population
density and GDP) for such small zones.

The land subsidence vulnerability map for Kathmandu valley is shown in
Figure 6. The evaluation results show that subsidence location L1, L2, L3 L7 and
L8 (indicated by red colour in Figure 6) are highly vulnerable areas. These loca-
tions are situated in the main urban core of the Kathmandu valley where the
population density is the highest and the economy is the most developed. Kath-
mandu zone, Lalitpur zone and subsidence locations L4, L5 and L6 are found to
be in medium vulnerable zone (indicated by green colour in Figure 6). Lowest
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Figure 5. Land subsidence hazard map of Kathmandu valley gener-
ated through GIS processing.
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Table 4. Data values of indicators used for land subsidence vulnerability evaluation of

Kathmandu valley.

Location Municipality Population density GDP ($) C;:::ou;io: (l;:)ld
Location L1 Kathmandu 19,726 749,582 80
Location L2 Kathmandu 19,726 749,582 95
Location L3 Lalitpur 14,574 1,014,539 80
Location L4 Lalitpur District 3241 4,562,750 30
Location L5 MadhyapurThimi 7717 1,916,042 60
Location L6 MadhyapurThimi 7717 1,916,042 20
Location L7 Kathmandu 19,726 749,582 70
Location L8 Kathmandu 19,726 749,582 50

Kathmandu zone 2382 6 60
Lalitpur zone 1197 12 40
Bhaktapur zone 680 22 30
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Figure 6. Land subsidence vulnerability map of Kathmandu valley
generated through GIS processing.

vulnerability is seen in Bhaktapur zone as the population density and economic
activity is lowest in this area. The result indicates that Location L1, L2, L3 L7 and

L8 are most sensitive to damage caused by land subsidence.

3.2.3. Land Subsidence Risk Assessment

Land subsidence risk map of Kathmandu valley was generated based on the hazard
and vulnerability evaluation in ArcGIS (Version 10.4.1) using Equation (2) (Figure
7). The areas where land subsidence was detected through DInSAR processing
were found to be in high (Location L1 and L3; indicated by red colour in
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Figure 7. Land subsidence risk map of Kathmandu valley generated
through GIS processing.

Figure 7) and medium (Location L2, L4, L5, L6, L7 and L8; indicated by green
colour in Figure 7) risk areas. However, rest of the Kathmandu valley was found
to be at low risk of land subsidence (indicated by yellow colour in Figure 7).

Shrestha, et al, (2017) [17] also predicted that Kathmandu valley is at low risk
through a model-based estimation of land subsidence. Even though the predic-
tion has not been validated, it resembles the result of this study.

Due to lack of proper scientific data and research, evidence of damage caused
by land subsidence has not been reported in Kathmandu valley till date. Case
studies from around the world can be referred to utilize the knowledge and ex-
perience in planning and policy making to reduce if not prevent the disastrous
effect of land subsidence. The location of Kathmandu valley has a very close re-
semblance with the location of Mexico City where land subsidence has been do-
cumented very well. Hence, case study of land subsidence in Mexico City is dis-
cussed here.

Mexico City is the capital city of Mexico located in the valley of Mexico Basin.
It is surrounded by volcanic chain and mountains with elevations reaching up to
5000 m [18]. Like the origin of Kathmandu Valley, Mexico City emerged where
there was once Lake Texcoco, therefore the geology consists of highly saturated
clay [19]. The geology is classified into three zones namely Foothill zone, Transi-
tion zone and Lake zone. The Foothill zone comprises heterogeneous volcanic
deposits and lava. The Transition zone mainly comprises of sand and gravel al-
luvial deposits along with volcanic materials. The lake zone comprises of highly
compressible lacustrine clays [20].

The city has been suffering from groundwater extraction related subsidence
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since decades [21]. The city has been reported with subsidence reaching up to 38

cm/yr. [20]. The main cause has been identified to be the drying and compaction

of soft clay layers which has less permeable capacity and is mainly triggered by

excessive groundwater exploitation from the aquifers [22].

The main problems reported relating to land subsidence in Mexico City are
e Decrease in runoff and wastewater drainage ability, that ultimately results in

flooding during rainy season [19].

e Disruption to the water transportation structures (Ze. pipelines, canals) re-
sulting in interference with water supply [20].

e Damage to the stability of manmade infrastructure (Buildings, transportation
facilities like highways, roads and bridges) due to changes in surface gra-
dients [20].

Since, there is a close resemblance in Kathmandu Valley and Mexico City, it
can be expected that these problems may be encountered in Kathmandu Valley
in near future if current situations prevail. The high-risk areas indicated by red
color in Figure 7, Central Kathmandu and Lalitpur which are the main urban
core of the valley has the highest probability to suffer from such damages. Other
locations that are at medium risk to such damages are Chauni, Imadol, Thimi,
Madhyapur Thimi, New Baneshwor and Koteshwor and Gothatar. Since, these
damages are not limited to a point location, the periphery areas are also bound

to suffer.

4. Conclusion

Land subsidence risk assessment based on current data revealed that the identi-
fied subsidence areas are at high and medium risk of suffering from subsidence
induced damages like decrease in runoff and wastewater drainage ability, disrup-
tion to water transportation structures and damage artificial infrastructure sta-
bility whereas the rest of the Kathmandu valley is at low risk under the circums-
tance that similar conditions prevail. The outcomes of this research even though
it is not directly validated can be used as a base for further detailed study. The
results could also serve beneficial for developing disaster prevention policies. In
addition, a more comprehensive risk assessment of land subsidence can be done
by considering other indicators like the geological characteristics and land use
type of the location. This would give a more detailed outlook on factors that can
be controlled to reduce if not prevent a huge disaster. Also, in this study, it was
assumed that the study area had no capacity for disaster prevention and reduc-
tion for risk assessment. However, different case scenarios like with government
action to reduce groundwater exploitation and with government action to re-
duce or prevent construction land proportion can be employed to judge the sit-

uation in a different perspective.
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