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Abstract

The Himalayas, the world’s youngest and tallest mountain range, formed as a result of the
ongoing collision between the Indian and Eurasian tectonic plates. This collision leads
the Himalaya to accumulate elastic strain energy over the years, which is subsequently
released in terms of earthquakes. To this end, some notable Himalayan earthquakes in the
past century include the Kangra earthquake on April 4, 1905 (M,, 7.8), the Bihar-Nepal
earthquake on January 15, 1934 (M,, 8.4), the Assam earthquake on August 15, 1950
(M,, 8.6), the Kashmir earthquake on October 8, 2005 (M,, 7.6), and the most recent April
25, 2015 Gorkha earthquake (M,, 7.8). However, there are several spatial segments along
the active Himalayan seismic belt that are probably mature now to experience one or
more large to great earthquakes, where the accumulated elastic strain energy has been
partially released or not released. Therefore, a large event in recent times would cause
enormous damage to the increasing population and growing infrastructure in Himalaya
and its adjoining Indo-Gangetic region. Consequently, understanding present-day seismic
hazard and identifying the regions with high seismic potential are inevitable along the
Himalaya.

Seismic hazard analysis of a region typically relies on two main types of data: satellite-
based measurements such as GPS and InSAR data, and earthquake data comprising
hypocentral details, slip location, magnitude, and origin time. While the former is often
used to depict crustal structure, fault kinematics, and associated earthquake potential,
the latter aids in time and space clustering and corresponding seismic hazard analysis.
These analyses usually fall into two categories: theory-driven physical models describing
tectonic dynamics and data-driven empirical models based on earthquake statistics. A
combination of these two techniques is often recommended for a comprehensive seismic
hazard analysis in a defined region.

In light of the above scenario, the present thesis focuses on the contemporary seismic
hazard analysis using a combination of GPS, InSAR, and earthquake data in the Kumaun-

Nepal Himalaya. The research design outlined in the thesis is structured as follows.



Chapter 1 provides an overview and rationale of the thesis, along with the primary objective
and scope of the thesis. Chapter 2 lays the groundwork of the thesis by examining the
study area and available datasets, including GPS velocity field, InSAR velocity field,
integrated velocity field, and earthquake data. Chapters 3 to 5 are in a sense the core
of the thesis, for which the obtained results are directly relevant to the seismic hazard
evaluation. Specifically, Chapter 3 deals with the estimation of spatial distribution of
earthquake potential through an “area-based” approach along four different sections of
the study area. Chapter 4 analyzes fault kinematics and slip distribution of the MHT, and
subsequently estimates earthquake potential through a “fault-based” approach. Chapter
5 carries out probabilistic earthquake recurrence modeling and natural time analysis to
estimate the conditional probability of large-sized earthquakes and the current state of
developing earthquake cycles at several city regions, respectively. Finally, Chapter 6
summarizes the research outcomes of the thesis, accompanying relevant future scopes.

To achieve the overall research goal, the first task is to integrate GPS and InSAR
data to derive a high-resolution velocity field. This high-resolution velocity field is
utilized to estimate contemporary seismic moment budget in the Kumaun Himalaya and
three spatial sections in the Nepal Himalaya. For this, (i) three types of geodetic strain,
namely dilatational, maximum shear, and rotational strain are calculated; subsequently,
(i1) geodetic and seismic moment rates are computed using the estimated strain tensor and
compiled earthquake data, respectively; and, (iii) a section-wise seismic moment budget
is derived through a comparison between geodetic and seismic moment rates over the
study region. The findings reveal that the strain rate is not homogeneous over the study
region. Particularly, along the MCT, higher strain rates are observed. The associated
seismic moment budget, the mismatch between geodetic and seismic moments, provides
an earthquake potential of M,, 8.1 in the Kumaun, M,, 8.5 in the western Nepal, M,, 7.9 in
the central Nepal, and M,, 8.1 in the eastern Nepal.

After an area-based earthquake potential estimation, the next task is to carry out crustal
structure and fault kinematics of the MHT in Kumaun-Nepal region. For this, twenty

arc-normal profiles are selected based on integrated velocity patterns. Then, a Bayesian
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inversion model is employed to calculate the spatial distribution of slip rates and fault
geometry over these twenty profiles. Subsequently, the estimated slip rates are used to
calculate section-wise slip deficit rates, moment deficit rates, and associated earthquake
potential. The results indicate that the study area exhibits consistent fault parameters, with
dip angles ranging from 25.0° to 32.0°, locking depths between 6.2 km and 10.2 km, and
fault depths from 12.1 km to 14.3 km. To note, slip rates of the MHT vary within each
section, namely 19.1 in Kumaun, 15.5 mm/yr in western Nepal, 13.8 mm/yr in central
Nepal, and 12.4 mm/yr in eastern Nepal. The inferred slip rate of the MHT corresponds
to a slip deficit of 16.5 mm/yr in the Kumaun, 13.3 mm/yr in the western Nepal, 11.3
mm/yr in the central Nepal, and 10.9 mm/yr in the eastern Nepal, implying an earthquake
potential of M,, 8.2, M,, 8.4, M,, 8.2, and M,, 8.3, respectively. Overall, the findings
regarding earthquake potential using area-based and fault-based approaches suggest that
each section of the study area has the potential to produce great earthquake(s) in the near
future.

After geodetic investigation, the subsequent task is to derive seismicity statistics
for an empirical hazard analysis in the Kumaun-Nepal region. For this, earthquake
“forecasting” based on interevent times and earthquake “nowcasting” based on interevent
counts (natural times) are performed. The overall flow of earthquake forecasting includes
(1) earthquake data compilation, (ii) interevent time modeling corresponding to successive
large events (M,, > 6.5) through several reference probability distributions, and, finally
(ii1) computation of conditional probability and hazard function curves for a set of elapsed
and residual times. Results reveal that (i) the best-fit comes from lognormal, exponential,
and exponentiated Weibull, and (ii) the estimated cumulative and conditional probability
of a M,, > 6.5 event in the study region reach 0.90-0.95 in the next 12-22 years (2035-
2045) and 25-36 years (2048-2059), respectively. On the other hand, seismic nowcasting
involves (i) tabulation of “natural time” counts, counts of 4.0 < M,, < 6.0 earthquakes
between two successive large events (M,, > 6.0), (ii) deriving natural time seismicity
statistics through several reference probability distributions, and, finally (iii) computing

earthquake potential score (EPS) at several city regions to realize the current progression
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of regional earthquake cycle. The findings highlight that (i) the seismicity in the study
region reveals natural time Weibull statistics and (ii) the EPS values (0%—100%) for 30
city regions lie in the range of 77% to 98%. Higher values of EPS for most of these cities
including Kathmandu indicate that they have reached their rear end in the seismic cycle
of large earthquakes. Therefore, the empirical hazard analysis discussed above demands
attention of the disaster management authorities in Kumaun-Nepal Himalaya.

In summary, the present thesis examines the integrated velocity field, strain distribution,
fault characteristics, slip distribution, seismic moment budget, earthquake recurrence
modeling, and natural time analysis to conclude that each section of the Kumaun-Nepal
Himalaya is capable of experiencing a great earthquake in the near future. Overall, the
thesis findings inevitably contribute to a better understanding of the contemporary seismic
hazard in the Kumaun-Nepal Himalaya, consequently aiding in social policy-making,
insurance strategies, urban planning, and various other practical applications for the

end-users.
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Chapter 1

Introduction

The art of proposing a question must be held of higher value than solving it.

— Georg Cantor

This chapter presents a general overview and motivation of the thesis work. The chapter

discusses the evolution and tectonic setting of the Himalaya along with its major fractures

(thrusts), subsequent seismicity, and seismic gaps. It also includes the primary objective

and the scope of the present research work. A chapter-wise roadmap of the thesis is also

presented towards the end of this chapter.
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1.1. Overview and motivation

1.1 Overview and motivation

The continent-continent collision, an enduring phenomenon in the geological annals of our
planet, has bestowed upon us some of the most awe-inspiring mountain ranges on Earth.
Among these, the collision between Indian and Eurasian plates stands as a monumental
geological event, unfolding over the course of 55 million years. This extraordinary collision
has given rise to the formidable Himalaya, a range that continues to rise and evolve to
this day. The Himalayas, with their towering peaks and dynamic geology, constitute one
of the world’s most active and iconic mountain chains. Over the centuries, this majestic
range has not only shaped the landscape but also witnessed a devastating history of seismic
events, leaving an indelible mark on the history of our planet with its legacy of powerful

earthquakes.

The ongoing convergence of the Indian and Eurasian plates controls seismic activity
along the Himalayan arc [1, 2]. This convergence causes the Himalayan arc to accumulate
significant stress, which is eventually released through small to great earthquakes, usually
at a shallow to intermediate depth [3—-5]. To this end, some notable devastating earthquakes
along the Himalaya include the Kangra earthquake on April 4, 1905 (M,, 7.8), the Bihar-
Nepal earthquake on January 15, 1934 (M,, 8.4), the Assam earthquake on August 15,
1950 (M,, 8.6), the Kashmir earthquake on October 8, 2005 (M,, 7.6), and the most recent
April 25, 2015 Gorkha earthquake (M,, 7.8) [6—8]. Considering the fact that a series of
significant earthquakes have damaged the Himalayan arc in the past, does the area still
have a substantial potential of experiencing another large-scale disaster in the near future?
Here this question is addressed through a comprehensive seismic hazard analysis using
geodetic and earthquake data in the Kumaun and Nepal Himalaya.

In seismic hazard analysis, the data that are available for the study of crustal deforma-
tion and earthquake inter-arrival times, primarily fall into two categories. The first type of
the data is satellite-based measures of surface deformation, including Global Positioning
System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) products [9-12].

The second type is the earthquake data that includes hypocentral information from cata-
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logs, the location of initial slip, the magnitude of the eventual earthquake, and the origin
time [13—15]. While the former is often used to describe the underlying crustal structure,
strain distribution, fault kinematics, and thereby earthquake potential based on the seismic
moment budget in a defined region [9-12], the later is used for earthquake interevent time
analysis, space-time clustering of seismic events, pattern informatics and thereby earth-
quake hazard estimation in a geographic area [13—15]. Consequently, these approaches
of seismic hazard analysis may be classified into two fundamental types, theory-driven
physical models (i.e., fault and/or area based models) and data-driven statistical models
(i.e., area based models) [9—15]. The physical models aim to describe the dynamics of the
underlying tectonic forces and stresses to the observed displacements at the Earth’s surface
[9-12, 16], whereas the statistical models assume some form of a probability distribution
of the earthquake occurrence process, and then attempt to define the parameters in terms
of observable [13—15]. A combination of these two techniques is often recommended for
comprehensive seismic hazard analysis in a region.

In geodesy-based seismic hazard analysis, GPS and InSAR products have already
demonstrated their effectiveness in quantifying tectonic deformation at several active
regions [17-23]. While the ground-based GPS technique provides dense time series
of accurate positions at a limited number of points, the space-based InSAR technique
can provide dense spatial coverage at a limited number of epochs. The GPS technique
is capable of accurately measuring three-dimensional positions with a notably higher
level of accuracy in the horizontal dimension compared to the vertical [24], whereas
InSAR methods can quantify deformations in the line of sight (LOS) direction with high
precision ranging from mm to cm [25, 26]. As a consequence, these two geodetic methods
complement one another in crustal deformation monitoring and their integration enables a
uniform spatio-temporal range for higher spatial and temporal resolution than any of them
alone [27-31].

In light of the above discussion, the present thesis primarily focuses on the contempo-
rary seismic hazard analysis using a combination of GPS, InSAR, and earthquake data

along the Kumaun and Nepal Himalaya (Figure 1.1). For this, (i) the GPS and InSAR data
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1.2. Evolution of the Himalaya

Figure 1.1: Geographic location of the Kumaun-Nepal Himalaya region.

are integrated to obtain high-resolution integrated velocities in the study area (Chapter 2);
then, (ii) the integrated velocities are employed to compute the rate of interseismic strain
buildup in the region (Chapter 3); subsequently, (iii) a section-wise seismic moment
budget is calculated based on moment accumulation and moment release in the study area
(Chapter 3); then, (iv) the slip rate and fault parameters are estimated using integrated
velocity field to determine whether the fault is presently locked or interseismically active
(Chapter 4), and, at last, (v) probabilistic earthquake recurrence modeling and natural
time analysis have been carried out to estimate the conditional probability of large-sized
earthquakes and the current state of developing earthquake cycle at several city regions,
respectively (Chapter 5). The subsequent sections detail the evolution of the Himalaya and

its classification.

1.2 Evolution of the Himalaya

During the late Paleozoic and early Mesozoic eras, there was a supercontinent, named
Pangaea, which began to fragment around 200 million years ago (Figure 1.2) [32-34]. Asa
result, around 71 million years ago, the Indian subcontinent embarked on a northward drift

towards the Eurasian plate (Figure 1.2) [32-34]. This marked the inception of Himalayan
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narrative. The Indian Plate’s relentless northward movement culminated in a monumental
collision with the Eurasian Plate, setting up the stage of the Himalayan range [33, 35, 36].
This collision led to intense compression, crustal thickening, and the emergence of initial
Himalayan foothills. Due to this enormous continent-continent collision, the Himalaya

continues to evolve, resulting in the intense seismic activity along the region.

Figure 1.2: The left panel illustrates the disintegration of Pangaea into separate continents,
while the right panel depicts the continuous movement of the Indian plate towards the
Eurasian plate (source: www.usgs.gov).

As the Himalayan arc was formed due to the continuous convergence between the
Indian and Eurasian plates, it exhibits long-term evidence of thrusting and layering [37-39].
Previous studies suggest that the Indian plate heading towards the Eurasian plate at a rate
of 40-50 mm/yr, resulting in the folding, faulting, and uplift of geological features [2, 34,
40, 41]. The megathrust of the Himalaya absorbs around half of this convergence between

the Indian and Eurasian plates, leading to a history of small to large earthquakes in the
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region [42].

1.3 Tectonic or longitudinal classification

The Himalaya is one of the youngest and tallest mountain ranges globally. It stretches
for about 2400 km in length and varies in width from ~ 240 km to ~ km kilometers [2,
43]. The range has an arched shape, bending southwards with distinct turns at its western
and eastern ends [44]. This shape is mainly due to the Indian plate moving northward and
pushing the Himalayan rocks southwards over the Indo-Gangetic basin in the foothills
[45, 46]. Significantly, the Himalayan arc is notable for the lateral continuity of its major

tectonic events, marking a prominent aspect of its geological evolution.

Figure 1.3: Geological map of the Himalaya. Abbreviations are as follows: MCT, Main
Central Thrust; MBT, Main Boundary Thrust; MFT, Main Frontal Thrust; and STD,
South Tibetan Detachment; DHR, Delhi-Haridwar Ridge; FZR, Faizabad Ridge; MSR,
Munger-Saharsa Ridge.

The Himalayan region is split into three side-by-side mountain ranges: the Siwalik
Himalaya (or Outer Himalaya), the Lesser Himalaya (or Lower Himalaya), and the Higher

Himalaya (or Greater Himalaya) (Figure 1.3). Each of these parts of the Himalaya has
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its own unique types of rocks and layers. They are separated from one another by large
geological faults. The South Tibetan Detachment (STD) separates the Higher Himalayan
ranges from the Tibetan sedimentary (Figure 1.3). The Main Boundary Thrust (MBT) is
the Lesser Himalaya’s southernmost limit, whereas the Main Central Thrust (MCT) is the
border between the Greater and Lesser Himalayas (Figure 1.3). The Main Frontal Thrust
(MFT) detaches the Indo-Gangetic Plains and the Siwalik Himalaya (Figure 1.3) [47-49].
These primary faults are believed to converge underneath the Himalaya into a basal thrust

fault, known as the Main Himalayan Thrust (MHT) (Figure 1.3).

1.3.1 Higher Himalaya

The formation of the Higher Himalaya occurred through a ductile extrusion process during
the earlier Miocene, approximately 23 million years ago. This region, also known as
the ‘Central Crystalline Axis’ of the Himalayan region, signifies the central point of the
mountain-building process [2]. It encompasses a lofty mountain range with perpetual
snow cover, with elevations ranging from 3,000 m to as high as 8,849 m. Notable peaks
in this range include Kedarnath (6,700 meters), Badarinath (7,138 m), and Nanda Devi
(7,817 m) in India, as well as Mount Everest (8,849 meters), Kanchenjunga (8,586 m),
and Annapurna I (8,091 m) in Nepal [2]. This region has experienced multiple phases
of deformation, occurring in a north-to-south direction, and is associated with the MCT,
which brought the Higher Himalayas atop the Lower Himalayas [50]. The rocks found in

the Higher Himalaya include paragneiss, schist, migmatite, and orthogneiss.

1.3.2 Lesser Himalaya

The Lesser Himalaya, within the broader geological context, occupies a critical position in
the tectonic framework of the Himalayan region. This region is situated to the south of
the Higher Himalaya and north of the Siwalik Himalaya [2]. This region is characterized
by its relatively lower altitude compared to the towering peaks of the Higher Himalaya.
It features a diverse and picturesque landscape, with rolling hills, terraced fields, dense

forests, and charming hill stations. A lot of the Lesser Himalaya’s peaks are covered in
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thick layers of snow all year. It forms a pivotal transition zone where significant tectonic
interactions occur. The Lesser Himalaya bears the imprints of the ongoing collision
between the Indian and Eurasian plates [44]. As compression intensified in the vicinity
of the MCT, the meta-sedimentary rocks underwent significant pressure, leading to the
formation of tight folds. Consequently, these folds tilted, sometimes overturning and
toppling over in the fold-thrust belt. This geological process resulted in the creation of
a duplex region characterized by a series of stacked lithotectonic units [44, 51, 52]. As
the exhumation process proceeded along the MCT, both Higher Himalaya and Lesser
Himalaya rocks underwent late-stage retrograde metamorphism [53]. Additionally, the
rock formations of the Lesser Himalaya were further thrust southwards over the Siwalik

terrane along the MBT.

1.3.3 Siwalik Himalaya

To the south of the MBT lies the Sub-Himalaya, commonly known as the Siwalik Hills
[2]. These hills form the southern boundary of the Himalayan Mountain range and exhibit
a youthful topography (Figure 1.3). Parallel to the Lesser and Higher Himalaya, this
mountain range has an average height between 600 m and 1,220 m and a width between
10 km and 48 km. Along the MBT, the thrust sheets of the Lesser Himalaya extend farther
south, resulting in the fragmentation of the Himalayan terrain into a series of multiple
faults [2, 52]. The Sub-Himalayan area primarily consists of sediments eroded from the
rugged northern mountains. Within the Siwalik basin itself, frequent reversals in the
sequence of sedimentary layers have occurred due to thrusting activities. The intensity
of thrusting diminishes gradually from the northeast to the southwest, where the Siwalik
hills are characterized by broad, open folds dissected by high-angle reverse faults heading
north [54]. The Siwalik terrain consists of varying proportions of sandstone, mudstone,
and conglomerates within its different stratigraphic layers [55]. As a result of prolonged
deformation along the Siwalik range, certain geological features such as pop-up structures
(for instance, the Shillong Plateau), fault remnants, and piggyback basins (including the

Dehra Dun, Rapti-Dang Dun, Kota-Pawalgarh Dun, Pinjor Dun, Hetauda Dun, Chitwan
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Dun, and Deukhuri Dun) have taken shape [56, 57].

1.3.4 Indo-Gangetic Plain

The entire Himalayan mountain range has been pushed southward over the Indo-Gangetic
Plain (IGP) along the MFT (Figure 1.3) [47]. This expansive and continuously deepening
foreland basin has formed due to the compressional forces generated within the under-
thrusting plate as a consequence of the collision between the Indian and Eurasian plates

[58, 59].

The alluvial deposits carried by the Sindhu, Ganga, and Brahmaputra river systems
collectively shape the Sindhu-Ganga-Brahmaputra Plain, also known as the IGP. This
foreland basin represents a significant geological feature of the Indian subcontinent,
covering an extensive area of approximately 250,000 km? [60]. The fluvial deposits along
the Himalayan front reach thicknesses of approximately 6 km, gradually diminishing
toward the south [2, 61]. Within the IGP, three prominent ridges exist, namely Delhi-
Haridwar Ridge (DHR), Faizabas Ridge (FZR), and Munger-Saharsa Ridge (MSR) (Figure
1.3) [43, 52]. This foreland basin serves as the habitat for more than 200 million people,
diverse wildlife, and lush forests. It is important to note that the seismic activity in the

IGP fore-deep is not as pronounced as in the Himalayan arc [62].

1.4 Longitudinal classification

Along the length of the Himalayan arc, it can be further categorized into three larger
sections: the northwest Himalaya (approximately 71°E to 80°E, covering the Kashmir
Sector, Himachal region, and Garhwal-Kumaun region), the central Himalaya (approxi-
mately 80°E to 89°E, covering western Nepal, central Nepal, and eastern Nepal), and the
northeast Himalaya (approximately 89°E to 97°E, covering Sikkim, Darjeeling, Bhutan,
and Arunachal Himalaya) (Figure 1.4). These regions are traversed by the major thrust
faults of the Himalayan arc, namely MCT, MBT, and MFT [2, 63]. Furthermore, all three

of these regions have a history of experiencing devastating earthquakes in the past.

10



1.4. Longitudinal classification

Figure 1.4: A schematic representation of the geological layout of the Himalayan arc,
delineating its primary units, classification, and tectonic boundaries (modified after Carosi
et al. (2018) [64]).

1.4.1 Northwest Himalaya

The northwest Himalaya encompasses several distinct geological features, forming a
complex landscape. The northeastern mountain sequence, situated at elevations ranging
from approximately 800 to 2000 m, consists of early to late Tertiary sedimentary rocks
sourced from the Siwalik mountains. These rocks have been intricately folded and
deformed by the action of mega thrusts [41, 65, 66]. In the Kashmir and Himachal region
within the northwest Himalaya, the MBT and MCT are not well-defined, though there
are indications of imbricate faults in the area (Figure 1.4) [2]. On the other hand, in the
Garhwal-Kumaun Himalaya, the region between the MBT and MCT widens to over 80
km, and both of these thrusts exhibit several surface exposures [2]. Additionally, the
southernmost frontal thrust, known as the MFT, marks the boundary between Quaternary
fluvial deposits of the IGP and the Janauri anticline [48, 67—-69]. This region experienced
some significant events, namely the 1905 Kangra, and the 2005 Kashmir earthquakes. The

extensive subducting DHR could potentially exert an influence on seismic events in this
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region [9]. The DHR serves as an extension of the Aravalli mountain belt and extends
beneath the Himalayan arc. This extension may be linked to lower magnitude seismic

activity [70].

1.4.2 Central Himalaya

The central Himalaya region encompasses both Nepal Himalaya and southern Tibet
(Figure 1.4). Here, the Siwalik group forms a folded Cenozoic piedmont region [44].
This region exhibits a distinct demarcation of the megathrust system of the Himalaya
(Figure 1.4) [2]. The Higher Himalaya, within this area, consists of a stratigraphic
succession of approximately 10 km, comprising crystalline rocks and sedimentary rocks
with fossils [71, 72].

Notably, the world’s highest peak, Mount Everest (approximately 8,849 m), is situ-
ated in this region. The Lesser Himalaya in this part comprises sedimentary and meta-
sedimentary rocks of Precambrian to Miocene age, which lack fossils [61]. Furthermore,
the central Himalaya includes the FZR, which acts as a subsurface extension of the Bun-
delkhand massif [70]. Evidence of low-magnitude seismic activity is apparent from a
densely installed seismic network along this ridge [12]. The FZR separates the Gandak
depression to the east from the Sarda depression to the west [70]. The central Himalaya has
been the epicenter of numerous significant seismic events throughout its history, including
1100 Nepal (M,, ~ 8.4), 1505 Lo Mustang (M,, ~ 8.2), 1833 Bihar-Nepal (M,, 7.5), 1934
Bihar-Nepal (M,, 8.0), and the most recent 2015 Gorkha (M,, 7.8) event [6-8, 73-77].

1.4.3 Northeast Himalaya

The northeastern Himalayan region and its surrounding areas exhibit intricate tectonic
behavior characterized by elevated seismic activity (Figure 1.4). This region falls within
seismic zones IV and V on India’s seismic zonation map [78]. The frontal part of the
northeastern Himalaya, situated along the Brahmaputra Basin, is wedged between the
Himalayan arc and the Indo-Burmese arc [79]. Over the years, this region has witnessed

two significant seismic events, namely the 1897 Shillong earthquake (M,, 8.0) and the
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1950 Assam earthquake (M,, 8.2), in addition to several major earthquakes in the last
century. One of the distinguishing characteristics of the northeast Himalaya is its location
between two major tectonic arcs: the Himalayan arc to the north and the Indo-Burmese
arc to the south [80]. This geological arrangement has contributed to the region’s complex
tectonic behavior and seismicity. The 1897 Shillong earthquake occurred in proximity
to the Shillong plate, which is an uplifted horst block formed during the Cenozoic era.
It became geologically isolated from peninsular India due to the deposition of Tertiary

Ganges-Brahmaputra fluvial sediments [80].

1.5 The Himalayan Megathrust System

The Himalayan megathrust system is a critical geological feature that plays a central role
in shaping the Himalayan mountain range and contributing to seismic activity in the region.

It consists of a network of fault zones associated with the collision and convergence of

Figure 1.5: The Himalayan arc in schematic cross-section. Abbreviations are as follows:
MCT, Main Central Thrust; MBT, Main Boundary Thrust; MFT, Main Frontal Thrust; and
MHT, Main Himalayan Thrust;

the Indian and Eurasian tectonic plates. These thrust faults have developed due to the
north-south convergence of the Indian and Eurasian continental plates over ~50 million
years (Figure 1.5) [2]. Due to this ongoing collision, the Himalayan arc is renowned for

being one of the most seismically active regions worldwide. As the Indian plate steadily
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advances northward, the sedimentary crustal layer undergoes intricate folding, continuous
buckling, and eventually fractures into distinct tectonic segments through faulting and
thrusting processes [2]. This persistent collision has given rise to three major active
thrust systems: the Main Central Thrust (MCT), the Main Boundary Thrust (MBT), and
the Main Frontal Thrust (MFT), accompanied by various imbricate branching faults and
out-of-sequence faults (Figure 1.3) [2, 48, 57, 81]. Furthermore, these three megathrusts
are believed to converge onto a basal detachment plane known as the Main Himalayan
Thrust (MHT), where the Indian plate subducts beneath the Eurasian plate (Figure 1.5)
[44, 82].

1.5.1 Main Frontal Thrust

The MFT is positioned along the southern margin of the Himalayan collision zone and
is thought to accommodate a significant portion, ranging from 50% to 100%, of the
overall shortening occurring across the Himalaya [74]. This fault is the most recently
formed major structural discontinuity and runs parallel to the Himalayan mountain ranges,
effectively separating the outermost Siwalik Himalaya from the IGP (Figure 1.5). The
active thrusting along the MFT has elevated the Siwalik hills to heights approximately
ranging from 500 m to 1000 m above the neighboring Indo-Gangetic plain [47, 48]. It
is considered to be a blind fault due to its limited surface exposures [48, 83]. Over the
Quaternary period, the MFT has displayed activity, resulting in various alterations to the
region’s more recent geological, geomorphological, and drainage features. The MFT has a
northward dip of around 15° to 35° and is associated with a long-term slip rate estimated at
roughly 8 to 10 mm/yr, although there are considerable uncertainties in this measurement,

ranging from 3 to 7 mm/yr [67, 72].

1.5.2 Main Boundary Thrust

The MBT constitutes a significant north-dipping thrust fault, typically inclined at angles
between 30° and 50°, positioned beneath the Lesser Himalayan rocks (Figure 1.5). It

played a role in the Cenozoic shortening of the upper Indian Plate and presently delineates
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the structural and orographic boundary between the Outer and Lesser Himalayas. The
MBT exhibits characteristics of a brittle fracture [44]. The MBT is notably well-exposed
throughout the entire central Himalaya and can even be discerned in aerial photographs.
In the Kumaun Himalaya region, the MBT has experienced rotational and strike-slip
movements during the Holocene period [52]. The distance between the MFT and MBT
ranges from approximately 30 km to 80 km in the northwest Himalaya, largely due to the

presence of substantial reentrant features in the MBT [2].

1.5.3 Main Central Thrust

The MCT stands as a prominent geological fault within the Himalayan wedge, extending
along the Himalayan arc. It exhibits a dip of approximately 12° to 35° degrees northward
(Figure 1.5) [2, 84]. Topographically, the MCT is evident as a significant elevation change,
ranging from approximately 3000 m to 5000 m. Functioning as a ductile shear zone,
it plays a crucial role in the placement of the high-grade Higher Himalayan crystalline
complex above the lower-grade to unmetamorphosed Lesser Himalayan sequence. The
activity of the MCT remains a subject of debate. Nakata (1989) [48] suggested dormancy
based on carbon dating of Quaternary deposits along the northwest Himalaya. Conversely,
Ponraj et al. (2010) [85] proposed possible activity, citing significant geodetic strain rates
and microseismic activity in the MCT zone along the Kumaun Himalaya. Additionally,
seismic clusters of moderate-sized earthquakes have been observed along the MCT in the

Higher Himalaya [86].

1.5.4 Main Himalayan Thrust

The megathrust system in the Himalaya, including the MCT, MBT, and MFT, is believed
to converge underneath the Himalaya into a basal thrust fault, known as the MHT (Figure
1.5) [2, 61, 87]. The MHT acts as an interface between the descending Indian plate and
the overlying Himalayan structures [44, 61]. Its configuration resembles a flat-ramp-flat
structure, with the mid-crustal ramp dipping at an angle of about 5° to 15° in the northward

direction [11, 12, 73, 88—90]. This ramp section of the MHT has been associated with
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numerous significant Himalayan earthquakes [11, 12, 41, 61, 88, 89].

Previous geodetic investigations [e.g., [11, 73, 90-92] have indicated that the deeper
portion of the MHT exhibits creeping behavior, which refers to slow, continuous fault
activity due to crustal deformation. The shallower part, including the MFT, is locked
with a slip deficit rate of approximately 14 to 18 mm/yr. This accumulated deficit rate,
amassed over the course of a century, poses the potential for triggering a major Himalayan

earthquake in the future [5, 11, 93].

1.6 Central seismic gap

The concept of seismic gaps, forming the basis of the seismic gap hypothesis, is rooted in
the principles of the “elastic rebound theory” [94]. According to this theory, the ongoing
stress resulting from the motion of tectonic plates along a fault or plate boundary gradually
leads to the accumulation of strain energy. This energy builds up until it surpasses the
strength of the rocks involved [94]. Eventually, this accumulated strain energy is released
during earthquakes, causing the rocks to return to their original shape [94]. In the context of
the Himalayan region, the identification of seismic gaps is crucial. These gaps are regions
that have not witnessed significant seismic activity despite their high hazard potential.
Notably, three distinct seismic gaps have been identified in the Himalayan arc based on the
spatial distribution of past major earthquakes and the extended periods of quiescence in
these highly vulnerable segments. These seismic gaps are known as the Kashmir seismic
gap, central seismic gap, and Assam seismic gap [95-98].

The central seismic gap refers to the seismic gap between the rupture zones of two
great earthquakes, namely the 1905 Kangra and 1934 Bihar-Nepal earthquakes [7, 96,
97]. Previous studies [6, 10, 16, 99] observed that the Kumaun Himalaya, and western
Nepal (sections of the central seismic gap) could produce a great earthquake as neither
the Kumaun Himalaya nor western Nepal has ruptured in the previous 200 to 500 years.
However, the notion of this suggested seismic gap is a topic of extensive debate [3, 100].
This debate arises due to the occurrence of two substantial historical earthquakes in this

region, in AD 1505 and 1803.
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Figure 1.6: Epicentral locations and the rupture extents of the 1905 Kangra earthquake
and the 1934 Bihar-Nepal earthquake.

1.7 Objective of the thesis

The primary objective of this thesis is to assess the ongoing crustal deformation during
the interseismic period and consequently to re-evaluate the contemporary seismic hazards
in the Kumaun and Nepal Himalaya. To accomplish this primary objective, four specific

sub-objectives have been framed below.

1. To derive the most updated high-resolution integrated velocity field for the study

region

2. To estimate a section-wise seismic moment budget and corresponding earthquake

potential in the Kumaun and Nepal Himalaya

3. To characterize the fault kinematics (e.g., distribution of dip-angle, fault depth,
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locking depth, rake angle, and slip rate) of the Main Himalayan Thrust (MHT) in

the study region

4. To perform probabilistic earthquake recurrence modeling and seismic nowcasting in

the study area

1.8 Scope of the thesis

This section delineates various scopes and related work elements to achieve the research

objective:

1. GPS data collection from the regional network comprising 22 GPS sites in the

Kumaun Himalaya.

2. Processing the accrued GPS data using the GAMIT-GLOBK suite of post-processing

software to generate position time-series and velocity vectors.

3. Combining regional velocity vectors with published data (26 GPS velocity datasets)

using a seven-parameter Helmert transformation in the Kumaun Himalaya.

4. Similarly, combining 46 NGL-based GPS velocity vectors with published data (31
GPS velocity datasets) in the Nepal Himalaya.

5. Estimating InSAR-based ascending and descending L.OS velocities across the Ku-

maun and Nepal Himalaya via LiCSAR processing toolbox.

6. Integrating GPS and InSAR-derived velocities to create a high-resolution integrated

velocity field along the Kumaun and Nepal Himalaya.

7. Compiling a seismic catalog by collating data from several sources including ISC,

USGS, IMD, and other published works.

8. Calculating dilatation, maximum shear, and rotational strain rates across the Kumaun

and Nepal Himalaya using the high-resolution integrated velocity field.
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9. Deriving geodetic moment rates from strain tensors and seismic moment rates from
earthquake database, and comparing these rates across the Kumaun and three spatial

segments of Nepal to calculate the seismic moment budget.

10. Assessing slip rates and fault geometry of the MHT over the Kumaun and Nepal

Himalaya using a Bayesian fault inversion model.

11. Deriving conditional probability curves (hazard function curves) for different com-

bination of elapsed times and residual times.

12. Carrying out natural time seismicity statistics and computing earthquake potential

scores for several city regions embedded in the study region.

13. Identifying the regions of high seismic hazard regions by employing both theory-

driven geodetic modeling and data-driven empirical statistical analysis.

1.9 Organization of the thesis

The present thesis delves into seismic hazard analysis through the utilization of geodetic
data (GPS and InSAR) and earthquake data over the Kumaun and Nepal Himalaya. The
thesis comprises six distinct chapters.

Chapter 1 provides a theoretical exploration of the Himalayan arc, encompassing
its evolutionary history, tectonic characteristics, subregions, and notable seismic gaps.
Additionally, this chapter outlines the objective of the thesis and offers a concise roadmap
for the subsequent sections.

Chapter 2 delves into an in-depth presentation of the study area of this thesis. It
comprehensively covers various datasets utilized throughout the research including GPS
data, InSAR data, the integrated velocity field, and earthquake data.

Chapter 3 is dedicated to calculating the distribution of strain rates and the associated
seismic moment budget. This involves a comparative analysis between the accumulated

geodetic moment rates derived from strain rates and the released seismic moment rates
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obtained from earthquake data. This assessment spans across the Kumaun Himalaya and
three distinct spatial sections of the Nepal Himalaya.

Chapter 4 focuses on determining the spatial patterns of slip rates and fault geometry
along the MHT using a Bayesian fault inversion model across 20 arc-normal profiles within
the Kumaun and Nepal Himalaya. It concludes by computing the earthquake potential
based on the derived slip deficit rates.

In Chapter 5, a data-driven area-based methodology comprising earthquake forecasting
(interevent time modeling) and earthquake nowcasting (natural time analysis) is provided.
While the empirical forecasting technique aims to statistically assess the conditional
probability of future large earthquakes, the seismic nowcasting method aims to indirectly
determine the current progression of regional earthquake cycle at several city locations.

Finally, Chapter 6 encapsulates the essence of the thesis work, emphasizing its primary

contributions and offering insights into potential future directions for research.
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Study Area and Dataset

“Every data point has a story to tell,
and every dataset is a chapter in the book of knowledge.”

— Nate Silver

In order to assess seismic hazards, a good understanding of the study area and relevant
dataset is crucial. To this end, the chapter offers valuable perspectives to the seismotectonic
setting of the study area, used geodetic and earthquake data, and a summary of previous
crustal deformation studies in the region. It also includes an overview of the geodetic
data, especially GPS and InSAR, by detailing their composition, data collection, and
processing techniques. The combination of GPS and InSAR velocities enables a high-
resolution integrated velocity field of the study region. Similarly, a number of procedures
and pictorial representations of earthquakes is provided for studying the earthquake data
characteristics. This includes epicentral distributions of earthquakes, homogeneity in mag-
nitude, magnitude-frequency plot, magnitude-time graph, and cross-sectional views along
longitude and latitude. This chapter essentially serves as a pre-requisite for the following
chapters. For example, the high-resolution integrated velocity field is an inevitable input
parameter for Chapters 3 and 4 to determine strain rate, seismic moment budget, and fault
kinematics along the study area. Similarly, the compiled earthquake data, both homog-
enized and complete, is an important parameter for Chapters 3 to 5 to estimate seismic

moment rate, earthquake potential, interevent time modeling (earthquake forecasting), and

21



Chapter 2. Study Area and Dataset

nowcast score calculation (earthquake nowcasting) for several city regions embedded in

the study area.
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2.1 Introduction

In the pursuit of understanding contemporary seismic hazards and interseismic crustal
deformation, a comprehensive assessment of the study area and dataset becomes paramount.
Although the entire Himalayan arc is recognized to be an earthquake prone zone, this
thesis purposefully concentrates on the Kumaun and Nepal Himalaya due to the shortage
of time and manpower.

The Kumaun Himalaya, the eastern part of the northwest Himalaya, stands out to
be an area with high seismic potential as the region is in a seismic quiescence phase
for the last 200 to 500 years [16, 99]. Nevertheless, during the last several decades,
the Kumaun Himalaya has experienced many small-sized earthquakes with a few strong
events. Analyses of focal mechanism solutions for these earthquakes in the region indicate
thrusting tectonic activity [101, 102]. The geophysical measurements in the Kumaun
Himalaya revealed a high conductive zone beneath the Higher Himalaya which coincides
with the mid-crustal microseismicity belt [103]. Although there has been no recorded
megathrust earthquake in the Kumaun Himalaya, its surrounding regions have experienced
two significant events on September 1, 1803 and June 6, 1505 in Uttarakhand Himalaya
[5]. However, there is no evidence of surface fault scarps from these earthquakes in the
Kumaun Himalaya [104, 105]. Nonetheless, paleoseismological studies have preserved
evidence of at least one great earthquake that occurred between 1222 and 1422 in the same
region [106, 107]. The estimated magnitude of this earthquake is greater than M,, ~ 8.4,
confirming the region’s potential to accumulate enough elastic strain energy to produce
megathrust earthquakes in the future. Therefore, it is believed that the Kumaun Himalaya
region may produce large-sized powerful earthquakes in future, closing the spatio-temporal
seismic gap. In light of the above discussion, it is important to determine the present-day
crustal deformation throughout the Kumaun Himalaya to re-assess seismic hazard scenario

in the area.

On the other hand, the Nepal Himalaya (also known as the central Himalaya) is one

of the world’s most seismically active intercontinental colliding tectonic region that has
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experienced many deadly earthquakes in past. Some of these notable events are the 1100
Nepal (M,, ~ 8.4), 1255 Kathmandu (M,, ~ 7.8), 1344 Mechi (M,, ~ 7.9), 1408 Nepal-
Tibet (M,, ~ 8.2), 1505 Lo Mustang (M,, ~ 8.2), 1681 Kosi (M,, ~ 8.0), 1767 Bagmati
(M,, ~7.9), 1833 Bihar-Nepal (M,, 7.5), 1934 Bihar-Nepal (M,, 8.0), and the most recent
2015 Gorkha (M,, 7.8) event [6—8, 73—77]. Nonetheless, there may be latent seismic
energy beneath the Nepal Himalaya that is yet to be released, potentially resulting in a
significant earthquake in the near future. Previous studies [e.g., 11, 12, 16, 108] have
suggested that the moment deficit rate along the Nepal Himalaya is high. As a result, the
Nepal Himalaya holds significant importance in the context of seismic hazards.

To assess the present-day seismic hazards in the Kumaun and Nepal Himalaya regions,
a vast array of datasets and methods is required. For this, (i) GPS and InSAR velocities are
derived and subsequently combined to obtain a high-resolution integrated velocities over
the Kumaun and Nepal Himalaya and (ii) the earthquake dataset is acquired from several
open source and published data to understand different characteristics of earthquake data.
The derived integrated velocity field will be utilized to estimate the present day strain rate
distribution, seismic moment budget, and fault kinematics along the Kumaun and Nepal
Himalaya in Chapters 3 and 4. On the other hand, the complied earthquake dataset will be
used to calculate seismic moment rate and earthquake potential, and to perform earthquake

forecasting and nowcasting in Chapters 3 to 5.

2.2 Study area

The study region of this thesis encompasses both Kumaun and Nepal Himalaya (Figure
2.1). In the study region, there are four distinct lithotectonic units: the Siwalik Himalaya,
Lesser Himalaya, Higher Himalaya, and Tethys Himalaya. These units are separated
by four intracrustal boundary thrust/fault systems (Figure 2.1). The Siwalik Himalaya,
characterized by sedimentary rocks, occupies the southernmost expanse of the Himalayas.
Northwards from the Siwalik Himalaya lies the Lesser Himalaya, distinguished by its
metamorphic rock composition. Progressing further north, the Higher Himalaya lies to the

north of the Lesser Himalaya and it is constituted of crystalline rocks. Lastly, the Tethys
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28°N

Figure 2.1: (a) Geological map of the Himalayan arc sourced from Neupane et al. (2018)
[109]. (b) Locations of notable historical earthquakes and the recent 2015 Gorkha earth-
quake within the Kumaun and Nepal Himalaya region. Abbreviations are as: MFT, Main
Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust.
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Himalaya, comprising sedimentary rocks, extends beyond the northern reaches of the
Higher Himalaya within this geological framework. The Siwalik boundary is marked by
the southernmost MFT, along with the traversal of the MBT over the Lesser Himalaya [44].
Metamorphic crystalline rocks from the Higher Himalaya, dating back to the Cambrian
and Proterozoic eras, displace over the meta-sediments of the Lesser Himalaya along
the MCT [44]. This movement along the MCT, defining the southern boundary of the
Central Crystalline Zone, causes displacement of crystalline rocks over the sedimentary
and low-grade metamorphic formations of the Lesser Himalaya [44, 52]. Furthermore,
the geological sequence, spanning from the Late Precambrian to Cretaceous ages and
positioned north of the Higher Himalaya, encompasses the rocks of the Tethys Himalaya
[110]. The transition from the crystalline rocks of the MCT Zone to the sedimentary
formations of the Tethys Himalaya involves alterations in lithology, metamorphic grade,
as well as changes in features’ mode and orientation.

According to recent GPS studies, the rate of convergence between India and Eurasia
varies spatially, for example, from 37 mm/yr to 44 mm/yr from west to east [10, 91].
The GPS measurements over the Kumaun Himalaya revealed a 15 mm/yr to 18 mm/yr
convergence rate [85, 90], whereas the convergence rate in the Nepal Himalaya region
varies from 17 mm/yr to 21 mm/yr from eastern Nepal Himalaya to western Nepal
Himalaya [11, 12]. It appears that the shallow section of the decollement (MHT) is locked
beneath the Lesser Himalayas, accumulating elastic strain energy, whereas the deeper
part creeps underneath the Higher Himalaya [16, 71, 111]. This stored strain will be
subsequently unleashed by major to great earthquakes along the study region [73, 85, 108,
112].

2.2.1 Literature review

The Himalayan arc is on the brink of producing a sequence of major to great earthquakes,
posing a catastrophic threat to densely populated countries in Southeast Asia situated along
the orogenic belt. Various geological, historical, and space-based geodetic methods have

been employed to evaluate seismic hazards, including earthquake potential, strain release
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and accumulation, slip rate estimation, and convergence rate along different segments
of the Himalayan arc. This section presents an in-depth literature review related to the
study area. For this, first, a few important studies covering the entire Himalayan segment
are highlighted, followed by specific studies pertaining to the Kumaun Himalaya and the
Nepal Himalaya, respectively.

Bilham et al. (2001) [7] partitioned the entire Himalayan arc into 10 segments to
estimate potential magnitudes and slip for future earthquakes. They observed that the
potential magnitude in all segments is sufficiently high to produce events with M,,>8.0,
except in the rupture zones of twentieth-century earthquakes (i.e., the earthquakes in 1905,
1934, and 1950) [7]. Following two recent significant earthquakes, namely the 2005
Kashmir earthquake and the 2015 Gorkha earthquake, Bilham (2019) [5] reevaluated the
potential magnitude and slip for future earthquakes along 15 segments of the Himalayan
arc, utilizing data from paleoseismic trenching, historical records of major earthquakes,
and GPS measurements. He observed that the potential magnitude along the central
seismic gap and eastern Bhutan has risen to M,, 8.5 for future events [5].

Bilham and Ambraseys (2005) [113] reported an average convergence rate of less
than 5 mm/yr based on historical earthquakes and approximately 18 mm/yr from GPS
observations along the Himalayan arc. The observed slip deficit, estimated at around 13
mm/yr, is sufficient to trigger earthquakes with a magnitude equal to or greater than 8.5
along the Himalayan arc [113].

Stevens and Avouac (2015) [73] determined the convergence rate of the MHT through
geodetic observations. The slip rate along the decollement ranges from 13.3+1.7 mm/yr
to 21.24+2.0 mm/yr across a fully locked MFT extending up to 100£20 km to the north
[73]. Additionally, Stevens and Avouac (2016) [93] calculated the moment deficit rate
and the magnitude of an anticipated large earthquake that corresponds to the cumulative
moment deficit over the past 1000 years along the Himalaya. They utilized the interseismic
coupling ratio to identify locked zones both across and along the MHT, indicating potential
locations for future large earthquakes, or alternatively, an aseismic barrier capable of

halting earthquake ruptures [93]. Their observations revealed that the locked barrier in
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the frontal arc accumulates a moment deficit rate of 15.141.0 x 10' Nm/yr for the entire
Himalaya, implying the potential occurrence of a magnitude 9.0 earthquake in the future
[93].

Bungum et al. (2017) [114] determined the strain rate field along the northwest and cen-
tral Himalaya, displaying variations of 50.09x 10~ strain/yr in Kashmir, 61.364-4.87x10~°
strain/yr in Himachal, 61.84 x 102 strain/yr in Garhwal-Kumaun, 54.59x10~? strain/yr
in western and central Nepal, to 57.95x 10~ strain/yr in eastern Nepal. Furthermore, they
converted these strain rates into geodetic moment rates and compared the findings with
seismic moment rates obtained from 115 years of earthquake data, revealing an almost
perfect match. When compared with seismic moment rates derived from 515 years of
seismicity data, geodetic moment rates were observed to be higher by a factor of two. The
study reported an elevated seismic hazard in the central seismic gap [114].

Li et al. (2018) [115] combined GPS data with publicly available data to visualize
the coupling along the MHT and observed that high coupling extends from 100 km to
beyond 140 km along the MFT moving further north. The observed slip rate of the MHT
varies from 18.641.6 mm/yr in the northwest, 20.24+1.2 mm/yr in the central region, to
22.2+1.7 mm/yr in the northeast Himalaya. This slip rate accumulates strain over the past
300 years, potentially leading to the occurrence of a significant M,, ~8.6 earthquake in the
future [115].

Sharma et al. (2020) [10] divided the Himalayan arc into 24 segments and compared
the geodetic and seismic moment rates for each segment, highlighting the stored and re-
leased strain energy, respectively. The results show that the geodetic and seismic moment
rates vary significantly along the arc. They found that the segments with high earthquake
potential (M,, > 8.0) belong to the central seismic gap and northeast part of Himalaya,
whereas the segments with low earthquake potential (M,, < 7.0) lie in the rupture areas of

recent large events.
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2.2.1.1 Literature review for the Kumaun Himalaya

Jayangondaperumal et al. (2013) [116] investigated two trenching sites along the MFT in
the Garhwal-Kumaun Himalaya. Their analysis revealed (i) an evidence of two significant
earthquakes occurring before 1400 AD and (ii) a remaining seismic energy equivalent to

an earthquake of M,, ~ 8.5 in the future.

Jade (2004) [117] and Jade et al. (2004) [118] calculated the convergence rate in
the range of 14—20 mm/yr between the Indian subcontinent and the Tibetan Plateau and
10—18 mm/yr over the Garhwal Himalaya. Furthermore, Jade et al. (2014) [119] provided
a comprehensive summary of horizontal velocities, convergence, and extension rates from
14 permanent and 42 campaign GPS stations along the northwest Himalaya. They noted
that surface velocities range between 30—48 mm/yr, and arc-normal shortening rates vary
from 10—14 mm/yr along different transects of the northwest Himalayan wedge [119].
Additionally, they reported the slip rate, dip angle, and locking width of the MHT as
18+1.5 mm/yr, 8°, and 110 km, respectively in the Kumaun Himalaya [119].

Ponraj et al. (2010, 2011) [85, 120] conducted an analysis of the geodetic strain
field and slip rate distribution beneath the northwest Himalaya using three years of mea-
surements from 16 campaign sites. Specifically, Ponraj et al. (2010) [85] calculated a
horizontal velocity of 41—50 mm/yr for all GPS stations and observed that a convergence
rate of approximately 15 mm/yr is accumulated within the Kumaun Himalaya [85]. They
also noted higher dilatational and maximum shear strain rates along the MCT in this region
[85]. Similarly, Ponraj et al. (2011) [120] estimated a slip rate of 10 mm/yr for the MHT
beneath the northwest Himalaya. Their analysis using the Non-Uniform Creep (NUC)
dislocation model suggested a locking depth of approximately 15 km in the northwest
Himalaya [120]. They concluded that deformation is concentrated between the Lesser
Himalaya and the Higher Himalaya, indicating the presence of a structural discontinuity
on the fault between the Kumaun and Garhwal Himalaya [120]. In a subsequent study,
Ponraj et al. (2019) [89] recalculated slip rate as 17.2+1.0 mm/yr and they identified a
locking depth of about 20 km along a dipping MHT with an inclination of approximately
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7° in the Kumaun Himalaya using a NUC dislocation model. The calculated slip rate of
the MHT, corresponding to a moment deficit rate of 8.441.0x 10'® Nm/yr, indicates the
potential occurrence of a great earthquake (M,, >8.0) with a return period of ~600 years
in the Kumaun region [89].

Dumka et al. (2014) [121] conducted a study on crustal deformation in the Kumaun
Himalaya based on 25 GPS observations spanning the years 2003—2006 along two transects.
Their analysis indicated that both MFT and MBT are presently locked, while the MCT
exhibits maximum deformation rates [121]. They observed a horizontal shortening of
6.7+£2.5 mm/yr between the Lesser Himalaya and the IGP [122]. In a subsequent study,
Dumka et al. (2018) [123] recalculated slip rates for the MFT, MBT, and MCT. They
found a slip rate of 1.5+1.0 mm/yr for the MFT, 5.2+1.2 mm/yr for the MBT, and 8.74+1.7
mm/yr for the MCT. High compression and shear strain rates were estimated along the
MCT, leading the researchers to suggest that the shallow to the down-dip edge of the MHT
is fully locked.

Based on observations from five continuous GPS stations in the Garhwal-Kumaun
Himalaya, Gautam et al. (2017) [92] determined a slip rate of approximately 18 mm/yr for
the MHT over a locked segment spanning around 100 km in the region. They remarked
that the accumulated strain energy over the past 500—700 years is significant enough to
generate a great earthquake in the Garhwal-Kumaun Himalaya [92].

Utilizing data from 28 GPS stations, Yadav et al. (2019) [90] determined a robust
seismic coupling extending over 85 km along the MHT in the Garhwal-Kumaun Himalaya.
They observed a slip rate of 18 mm/yr along the MHT at a depth of approximately 20
km. The accumulated strain along the fully locked MHT over the last 500 years lists
the northwest Himalaya among the regions with high seismic hazard worldwide [90].
Furthermore, Yadav et al. (2021) [124] calculated a higher compression strain rate of
approximately —0.15 ustrain/yr along the upper Kumaun Himalaya. They suggested
that the Kumaun Himalaya has stored sufficient strain energy equivalent to a earthquake
potential of magnitude M,, ~8.2 [124].

Kannaujiya et al. (2022) [99] calculated a mean compression rate of —0.07 &= 0.01 u
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strain/yr in the Garhwal-Kumaun region by analyzing data from eighteen GNSS stations.
Their examination, employing a dip-slip dislocation model, indicated a convergence rate
of 16.7£2.0 mm/yr, a locking width of 17.44-3.5 km, and estimated earthquake potential
of M,, ~8.0 for the megathrust MHT in the region.

Sharma et al. (2023a) [125] utilized a comprehensive dataset comprising 144 GNSS
surface velocities to calculate the geometry of MHT in the northwest Himalaya. Particu-
larly in the Kumaun Himalaya, their findings revealed a locking depth, fault depth, and
slip rate of 62 km, 1841 km, and 1942 mm/yr, respectively.

2.2.1.2 Literature review for the Nepal Himalaya

In the Nepal-Himalaya region, Bilham et al. (1997) initiated GPS-based research on India-
Tibet convergence as early as 1991. Utilizing six years of GPS measurements, Bilham et
al. (1997, 1998) [16, 126] calculated the slip rate of the MHT to be 20.5+2.0 mm/yr in
western Nepal and 21.0£3.0 mm/yr in central and eastern Nepal. This estimation suggests
a higher likelihood of experiencing a great earthquake in regions like western Nepal, where

no significant event has occurred in the last 300 years [16, 126].

Larson et al. (1999) [111] determined a convergence rate of 184+2 mm/yr in western
Nepal using a 2D dislocation model. The dip-slip rate of the MHT was obtained as 23+2
mm/yr and 2141 mm/yr, with a dip angle of 8° and 3°, and a strike angle of 112° and

101° in western Nepal and eastern Nepal, respectively [111].

Biirgmann et al. (1999) [127] proposed a segmented fault model for the Nepal Hi-
malaya, revealing an along-the-arc variation in the convergence process. Models with
varying dip angles (3°—8°) indicated a locking depth of 15—25 km of the MHT. They
concluded that a 500 km stretch of the fault system, with a width of about 140 km, is
locked, resulting in 6—15 m of accumulated potential slip since the 1505 earthquake. This
suggests that this part of the Himalayan orogeny is ready to trigger one or more future
great earthquakes [127]. The short-term geodetic slip rate of 20+2 mm/yr was consistent
with the long-term geological rate of 21.041.5 mm/yr deduced from folded terraces across

the Siwalik Hills in central Nepal [127].
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Chen et al. (2004) [128] used GPS data from 33 sites to study ongoing crustal
deformation along Nepal and southern Tibet. They reported an elongation rate of 13+2
mm/yr along southern Tibet, comprising 9.7+3.0 mm/yr of permanent extension and ~3
mm/yr of elastic deformation along the locked MHT. Additionally, they computed slip
rates of the decollement (MHT) as 1741 mm/yr, 12.4+£0.4 mm/yr, and 19+1 mm/yr along
northwest, central, and northeast Himalaya, respectively [128].

Jouanne et al. (2004) [71] characterized fault parameters using a two-dimensional
dislocation model based on velocity field data from 35 GPS sites in Nepal. In western
Nepal, a 117° striking MHT revealed 19 mm/yr of dip-slip and 0—1 mm/yr of strike-slip
at 20—21 km depth. In central Nepal, a 108° striking MHT revealed slip rates of 19—20
mm/yr and 0—2 mm/yr of dextral motion at 17—21 km depth. The larger locking width in
western Nepal than in central Nepal indicates a higher possibility of M,,>8.0 earthquake
in this region [71].

Bettinelli et al. (2006) [42] used GPS and DORIS measurements to determine the
deformation pattern along western Nepal, observing a slip rate of MHT as 13.4+5.0 mm/yr
with a locking width of 150 km. Similarly, they calculated a slip rate of 19.0+2.5 mm/yr
for MHT and 115 km of locking width at about 20 km depth in central and eastern Nepal
[42].

Ader et al. (2012) [12] calculated the slip rate of the 10° dipping MHT as 17.8+0.5
mm/yr in the central and eastern Nepal and 20.5+1 mm/yr in western Nepal. They
proposed that western Nepal has not experienced ruptures since the 1505 earthquake,
accumulating a substantial moment deficit between the 1934 Bihar-Nepal earthquake and
the western border of Nepal. Consequently, this region might generate an earthquake of up
to M,, ~8.9 [12]. The authors concluded that background seismicity does not contribute
significantly to releasing interseismic stress build-up but reflects areas of the most rapid
stress increase [12]. Finally, they observed that the estimated slip rate of MHT represents
a moment deficit rate of 6.6+0.4 x10'° Nm/yr beneath the central Himalaya [12]. This
moment deficit rate is equivalent to a great earthquake of M,, ~8.5 with a recurrence

interval of ~270 years [12].
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Grandin et al. (2012) [129] utilized InSAR data to measure long-term growth and
crustal deformation in central Nepal. They reported that the frontal part (MFT) of the
Himalayan range is uplifting at a rate of 7 mm/yr. The flat portion of the decollement
(MHT) is slipping at a rate of 18 —21 mm/yr, while the mid-crustal ramp of the decollement
is fully locked in the Higher Himalayan part [129].

Li et al. (2016) [130] calculated the locking depth and slip deficit rate along the MHT
as 12—17 km and 0—5 mm/yr in western Nepal, 16—21 km and 6—10 mm/yr in central
Nepal, and 23—26 km and 8—13 mm/yr in eastern Nepal, respectively. They observed that
the 2015 Gorkha event created a boundary between western and central Nepal, where the
slip deficit rate changes significantly from 0-9 mm/yr, causing high strain accumulation in
the central and eastern parts [130].

Jouanne et al. (2017) [131] examined approximately 15 years of GPS data along the
Nepal Himalaya and proposed that the MHT is fully locked along the upper part of the flat,
partially locked along the mid-crustal ramp, and is creeping along the lower edge of the
flat. They found that the 2015 Gorkha earthquake occurred along the highly coupled upper
flat of the MHT, whereas its postseismic rupture propagated towards the eastern side in the
lower coupled zone of the MHT [131].

Lindsey et al. (2018) [11] estimated that the fault coupling width varies between 70-90
km in eastern Nepal, 100—110 km in central Nepal, and narrows down again in western
Nepal. Their findings along western Nepal suggest that either the shallow portion of the
decollement contains an anomalous coupling transition zone or is partially locked. They
inferred 15.2+1.2 mm/yr of reverse faulting with —2.24+2.5 mm/yr of strike-slip motion
along the MHT at a depth of 20 km [11].

Sreejith et al. (2018) [108] determined that the mainshock and aftershocks of the 2015
Gorkha event have partially released the accumulated strain energy in the north of the
epicenter. They suggested the possibility of similar earthquakes occurring in the west or
south where the MHT is fully locked [108].

Diao et al. (2022) [132] utilized a viscoelastic model to study the slip rate and locking

width of the MHT based on GPS data acquired in the past three decades along the central
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Himalaya. They found that the slip rate and locking width of the MHT are 18.8+1.6
mm/yr and 85+2.1 km, respectively.

Sharma et al. (2023b) [125] utilized a comprehensive dataset comprising 145 GNSS
surface velocities and employed a Bayesian inversion model to elucidate the complex
geometry of the MHT. The study estimates the locking depth and fault depth along the
central Himalaya, revealing ranges of 4.3+2.6 km to 9.7£2.2 km and 13.5£3.1 km to
15.8+£1.9 km, respectively. The slip rate along the MHT exhibits variability from 12.8+1.6
mm/yr in the east to 19.4+2.5 mm/yr in the west. The calculated slip deficit rates in
different regions are reported as approximately 15.1 mm/yr in western Nepal, 12.7 mm/yr
in central Nepal, and 10.6 mm/yr in eastern Nepal.

From the above discussed studies in the Kumaun and Nepal Himalaya, it is evident
that the slip rate along the MHT varies within the range of approximately 8 mm/yr to
20 mm/yr. The locking width varies between 70 km to 110 km in the study area. The
accumulated strain energy in this area indicates the potential occurrence of a significant

earthquake, with a magnitude exceeding 8.0.

2.3 Dataset

To accomplish the primary objective of the present thesis, a contemporary cutting-edge
dataset is necessary. As a result, to obtain a high-resolution integrated velocity field over
the study region, firstly, (i) GPS velocity field is derived; then, (ii) InSAR line of sight
(LOS) velocity field is calculated, and finally, (iii) high-resolution integrated velocity field
is calculated from the combination of GPS and InSAR based velocities. This estimated
high-resolution velocity field is one of the main bases for further seismic hazard analysis (in
estimating strain rate distribution, seismic moment budget calculation, and fault parameters
estimation) in the thesis. Another important base is the earthquake dataset over the study
region, which is utilized for estimating the seismic moment budget and for performing
probabilistic earthquake recurrence modeling and the current progression of the earthquake
cycle of large events. In the following subsections, extensive information regarding these

aforementioned datasets is presented. However, prior to this, some preliminary discussion
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about GPS and InSAR basics, data collection, and data processing is provided below.

2.3.1 Global Positioning System

During the 1960s, the United States (US) military pioneered the creation of a satellite-
based initiative called the Navy Navigation Satellite System (NNSS) [133]. The primary
purpose of NNSS was to accurately ascertain the coordinates of naval vessels at sea and
monitor the trajectories of hostile missiles. Over time, some aspects of this program
were made accessible for civilian applications, including navigation and land surveying.
However, the NNSS had notable limitations, including significant gaps between satellite
coverage and suboptimal navigation precision [133]. To overcome these limitations, the
Global Positioning System (GPS) was developed by the US Department of Defense and
also known as NAVSTAR (Navigation Satellite Timing and Ranging) [133]. The GPS
technology has evolved into a crucial tool in various geophysical studies [133, 134]. It
offers precise three-dimensional relative positioning, with an accuracy of the order of
millimeters. The GPS based horizontal position has precision of up to 1 mm and vertical
accuracy of several mm [24, 135]. Compared to alternative geodetic techniques like Very
Long Baseline Interferometry (VLBI) and Satellite Laser Ranging (SLR), GPS is more
cost-effective. The GPS plays a vital role in a wide range of applications, including
monitoring the movement of Earth’s tectonic plates, identifying active deformation zones
and volcanic-related changes, measuring postglacial uplift, studying active landslides or
subsidence, and monitoring atmospheric and ionospheric variations [133, 134].

The GPS consists of three primary components: the space segment, control segment,
and user segment (Figure 2.2). The space segment encompasses 31 satellites distributed
across six distinct orbital planes, each positioned at an inclination of 55 degrees and an
altitude of approximately 20,200 km above the Earth’s surface (Figure 2.2) [133]. These
satellites transmit data on two separate L-band carrier frequencies: L1 at 1575.42 MHz and
L2 at 1227.69 MHz. The L-band carries vital navigation information, including ephemeris
data, predicted satellite orbits, clock corrections, ionospheric data, and the health status of

the satellites [136, 137].
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Figure 2.2: GPS satellite constellation and segments [133].

In the control segment, there is one Master Control Station (MCS), an alternative MCS,
16 monitoring stations, and 11 control and command antennas. This segment is primarily
responsible for tracking satellite orbits, determining clock corrections, and generating
navigation data. Subsequently, this information is modulated onto the S-band frequency
and transmitted back to the GPS satellites for dissemination (Figure 2.2). The user segment
encompasses GPS receivers that utilize the data received from the satellites to compute

their own position and determine accurate time (Figure 2.2) [133].

The clock reading at the satellite antenna is cross-referenced with the clock reading at
the receiver antenna, allowing for the determination of the pseudorange, which represents
the distance between the receiver antenna and the tracked satellite, along with the time
taken by the signal to travel between the satellite and the receiver (in the satellite-receiver

pairing) [133, 137]. The pseudorange can be expressed as follows:

R = W} + cAS +djon + drige + dirop + €p (2.3.1)
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and

= (W) = Up P4 (V2 (0) = Vo2 (W3(0) = Wi 2 232)

Here, 1) represents the geometric range between satellite and receiver antenna; U,., V., W,
represent the three coordinates of the observing receiver; Us(t), Vy(t), W;(t) represent the
components of the geocentric position vector of the satellite at epoch t; ¢ represents
the speed of light; Ad represents the offset between the satellite and receiver clock;
diide;dirop, and d;,, represent tidal loading, tropospheric delays, and ionospheric delays
effects, respectively; and €, represents the effect of receiver and multipath noise [133, 134,

136, 137].

Conversely, the carrier phase indicates the phase discrepancy between the incoming
carrier and the signal produced by the GPS receiver. The positional precision derived from
the carrier phase (@) surpasses code pseudoranges by approximately tenfold [133, 134,

136, 137]. The equation for the carrier phase can be expressed as follows:

Ao = ) +cAS + AN +dion + dyige + dirop + €p (2.3.3)

Here, N denotes the ambiguity related to both the receiver and satellite (representing
the number of fractional phases), and A denotes the carrier wavelength [133, 134, 136, 137].
The GPS observations are subject to various sources of error, encompassing ionospheric
and tropospheric delays, satellite orbital inaccuracies, ocean tide loading effects, biases
in receiver and satellite clocks, multipath interference, among others. To enhance the
accuracy of GPS coordinate and relative velocity estimations, a common practice is the
utilization of linear combination approaches [133, 134, 136, 137]. In particular, the double-
difference method can be employed to significantly mitigate biases in receiver and satellite
clocks [133]. To illustrate the double-difference method, let’s consider two receivers
denoted as a, b and two satellites represented by j, k. Two carrier phase observation

equations, in accordance with Equation 2.3.3, can be formulated as follows:

38



2.3. Dataset

AQS = 1l + A8+ AN +d o+ dD Al oy ED (2.3.4)

MO = 4 N AN+ ]t g g L, 239)

ion trop

The initial step involves calculating the single difference for satellite j and receivers a
and b by subtracting Equation 2.3.4 from Equation 2.3.5.

J J
+ dab tide + da

A C{b = u£b+cA50b—|—7LN£{b+dg +€£{bp (2.3.6)

b ion b trop

Similarly, the following is the single difference for receivers a and b and satellite k:

k k k k k k k
)’q)ab = Hap + CA6ab + A‘Nab + dab ion + dab tide + dab trop + Eab p (237)

Then, to create a double-difference equation, the single-difference equations are

subtracted (Equation 2.3.7 from Equation 2.3.6).

1 ek

Jk Jjk
+ dab tide +d ab p

R N R
o = I'uéb + Ny, + x<dcjzb ion ab trop ) (2.3.8)

The double-difference technique offers the advantage of eliminating receiver clock
biases entirely and significantly reducing ionospheric and tropospheric effects [133, 134,
136, 137]. These corrected GPS observations can be used to compute the receiver’s

position and relative velocity.

2.3.1.1 GPS network and collection of data

To understand crustal deformation within the study region, a GPS network was established
during the period of 2013—14 in the Kumaun Himalaya region (Figure 2.4). This regional
network comprises two permanent GPS stations, THKD and DHLC, along with twenty
campaign-surveyed GPS sites (details in Table 2.1). Each permanent station is set up
on a concrete pillar, serving as the foundation for the GPS antenna (Figure 2.3). The site

installation includes the GPS receiver, connecting cables, solar panels, an Uninterrupted
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Table 2.1: Details of the regional GPS stations along the Kumaun Himalaya

Site code Longitude (°E) Latitude (°N) Observation mode Time interval
THKD 78.8569 29.1486 Continuous 2013 -2018
NYGN 79.3143 29.2743 Campaign 2013 - 2021
GTGH 79.3768 29.3284 Campaign 2013 - 2021
MNGL  79.3874 29.3466 Campaign 2013 - 2021
NTAL 79.4425 29.3879 Campaign 2013 - 2022
CHRA 79.4966 29.5004 Campaign 2013 - 2022
JNVN 79.5488 29.5465 Campaign 2013 - 2019
ALMR 79.6708 29.6152 Campaign 2013 - 2022
DHLC 79.7870 29.6741 Continuous 2013 - 2018
1001 79.4110 29.3683 Campaign 2014 - 2019
1002 79.3183 29.4082 Campaign 2014 - 2022
1006 79.3187 29.3525 Campaign 2014 - 2021
1007 79.3192 29.3739 Campaign 2014 - 2022
1009 79.2684 29.3753 Campaign 2014 - 2022
1010 79.2319 29.3571 Campaign 2014 - 2021
1011 79.1871 29.3048 Campaign 2014 - 2021
1013 79.2429 29.2988 Campaign 2014 - 2017
1015 79.3368 29.2952 Campaign 2014 - 2021
1016 79.4464 29.3359 Campaign 2014 — 2022
1017 79.5231 29.2308 Campaign 2014 - 2021
1018 79.5539 29.3529 Campaign 2014 - 2022
1019 79.5519 29.4369 Campaign 2014 - 2022

Power Supply (UPS) for power backup, and internal batteries to ensure operation during
emergencies (Figure 2.3). All the campaign sites are chosen on the Reinforced Cement
Concrete (RCC) government or private building rooftops with a clear sky visibility. For
each permanent GPS station, the Leica GR25 GNSS (Global Navigation Satellite System)
receiver is utilized in conjunction with the high-performance Leica AS10 geodetic quality
antenna. In the case of campaign-mode stations, the Leica Viva GS15 GNSS receiver and
Leica Viva GS15 geodetic quality antenna are employed. The GS15 receiver and GS15
antenna are linked via Bluetooth. In addition, the location coordinates, measurement mode,

and observation times for each station is provided in Table 2.1.

Two permanent stations are situated at the rear ends of the transect. Specifically, DHLC

(79.7870° E, 29.6700° N) is located on private property in Dhaulachhina along the Lower
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Figure 2.3: A typical setup of a continuous GPS site. (a) RCC pillar; (b) enclosure of GPS
receiver, UPS power back up, internal batteries, and solar panels; and (c) GPS antenna on
RCC pillar.

30°00'N

29°45'N

29°30'N

29°15'N

29°00'N
78°30'E 78°45'E 79°00'E 79°15'E 79°30'E 79°45'E 80°00'E

Figure 2.4: Location of regional GPS network along the Kumaun Himalaya. Abbreviations
align with the Figure 2.1.
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Himalaya and THKD (78.8569° E, 29.1486° N) lies in an open lawn of the premises of the
Jawahar Navodaya Vidyalaya school in Thakurdwara, adjacent to the IGP (Figure 2.4).

2.3.1.2 GPS data processing

Since 2013, yearly raw data is continuously collected at sampling intervals of one second
and thirty seconds. The 1s data serves the primary purpose of studying coseismic deforma-
tion during earthquakes. Additionally, the campaign stations are occupied two to three
times annually, utilizing a 1s sampling interval for each campaign session. These sessions
are configured for approximately 24-hour observations, maintaining a 15° elevation angle
while tracking all available satellites. Following this, a comprehensive quality check of
the raw GPS data is executed using the Translation, Editing, and Quality Check (TEQC)
software. This process involves various tasks, including the identification of outliers and

addressing data gaps [138].

When the raw GPS data is scrutinized and refined, it undergoes conversion into the
Receiver Independent Exchange (RINEX) format via the TEQC software, which allows
for subsequent analysis. The RINEX files become the basis for data processing. In
geodesy, particularly for high-precision research, reliance is placed on standard scientific
GPS post-processing software such as GAMIT-GLOBK, BERNESE, and GIPSY. For the
present study, the GAMIT-GLOBK post-processing software is employed. This software
is compatible with the LINUX environment and was developed by the Massachusetts
Institute of Technology (MIT) for the purpose of estimating three-dimensional relative
positions of ground stations. GAMIT utilizes GPS broadcast carrier phase and pseudorange
observables (stored in RINEX files), satellite ephemeris data (found in navigation files),
and satellite orbit information (located in orbit files). Through a least-squares estimation
procedure, GAMIT generates values for various parameters, encompassing positions,
orbits, Earth orientation, ambiguities, and atmospheric delays [139, 140]. This setup
enables the calculation of the receiver antenna’s position based on Equation 2.3.2. The
linearized form of this equation facilitates the implementation of a least-squares algorithm.

Below is the simplified and linearized representation of Equation 2.3.2 in terms of the
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observation equation:

d=Ax+v (2.3.9)

where, d [n x 1]: vector of observations, A [n X u]: design matrix, x [u x 1]: vector of
unknowns (parameter), v [n X 1]: noise or residual vector.

For further computation, let us define some other parameters:

602: a priori variance, X : covariance matrix, Q = GL(%Z : the co-factor matrix of observa-
tions, and P = Q;l : the weight matrix.

The least-squares adjustment provides a unique solution of Equation 2.3.9 subject to the

condition v Py = minimum.

This adjustment principle provides the following normal equation:

ATPAx=A"Pd (2.3.10)
The solution of Equation 2.3.10 is
x=(ATPA)~'ATPa (2.3.11)
which can be simplified to
x=Glg, (2.3.12)

where, G=ATPA and g =ATPd.

The cofactor matrix Q, follows from x = G~'A” Pd by the covariance propagation law as:
0, = (G 'ATP)Q, (G AT P)T (2.3.13)
By substituting Q; = P~!, the above equation further reduces to

O, =G 1=(ATpa)™! (2.3.14)

The daily solutions produced by GAMIT yield the location coordinates for each GPS
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station, in addition to Earth orientation and satellite orbit corrections. These initially
estimated, loosely constrained daily solutions serve as the basis for determining the station

positions and plate motion through GLOBK [139].

The processing of GPS data within the GAMIT-GLOBK framework is generally carried
out in three sequential stages. First, all data undergo processing using GAMIT to derive
preliminary, loosely constrained coordinates for each station, alongside the inclusion of
data from International GNSS Service (IGS) fiducial stations. Subsequently, the time
series of position coordinates for each station is subjected to scrutiny for any outliers using
the GG-MATLAB (GAMIT-GLOBK MATLAB) tool. Finally, the refined time-series data

are harnessed for estimating station velocities within the GLOBK software [139].

A step-by-step procedure for data processing is as follows:

Step 1: Begin by installing the GAMIT-GLOBK software on a LINUX system.

Additionally, verify the integrity of several key files:

process.defaults (edit to specify computation environment, source for internal
and external data and orbit files, start time sampling interval, and instructions for

archiving the results)
sestbl. (edit the AUTCLN postfit command to suit processing strategy)

sites.defaults (edit to specify sites to ftp from RINEX data archives, to search
for RINEX files on the local system, and to exclude from automatic station.info

updating)

station.info (edit to include all the continuous stations as well as all the IGS

stations)

and [lfile., leap.sec, luntab., nutabl. (these files need to be up to dated).

Step 2: Create four sub-directories within an experimental directory: ‘brdc’

(housing navigation files in the .n format), ‘igs’ (storing SP3 or satellite orbit files
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for all the utilized IGS stations), ‘rinex’ (containing RINEX files for observations
from both regional and IGS stations), and ‘tables’ (dedicated to the GAMIT tables
folder).

To obtain the observation, navigation, and orbit SP3 files for the selected 1GS

stations, the following commands are employed:

(i) RINEX files: sh_get_rinex -archive <archive> -yr <year> -doy <day of year>

-ndays <number of days> -sites <IGS sites>

<archive> here the observation files of the IGS stations are stored (e.g., SOPAC,
CDDIS, MIT, and others)

<year> year of observation
<day of year> day of observation in the corresponding year
<number of days> number of consecutive days of data to retrieve

<IGS sites> List of IGS stations to be retrieved from archive (e.g., here 16 IGS
stations are used: WUHN, URUM, TEHN, SOLA, PLO2, LHAZ, LCK2, KRTYV,
KIT3, IISC, HYDE, GUAO, DRAG, DGAR, COCO, and CHUM)

Example sh_get_rinex -archive sopac -yr 2020 -doy 301 -ndays 5 -sites HYDE II1SC

(i) Navigation files: sh_get_nav -archive <archive> -yr <year> -doy <day of

year> -ndays <number of days>
Example sh_get_nav -archive sopac -yr 2020 -doy 301 -ndays 5

(iii) Orbit/SP3 files sh_get_orbit -archive <archive> -yr <year> -doy <day of
year> -ndays <number of years> -type <type of orbit file sp3/gfile> -center <IGS

processing center igs/esa/sio>

Example sh_get_orbit -archive sopac -yr 2020 -doy 301 -ndays 5 -type gfile -center
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igs

Step 3: Following the acquisition of all necessary files, including observation,
navigation, and orbit data, we incorporate a global tide model known as FES2004
(otlFES2004.grid) to address solid Earth tides and ocean loading effects. Subse-

quently, a sequence of GAMIT commands is employed:
sh_gamit -d yr days/-s yr d1 d2 -expt -orbit -aprfile -yrext

-d yr days (need to use if data are processed for each specified day (e.g., 2020 301
305 306))

-s yr dI d2 (need to use if data are processed for continuously from starting day to n

number of days (e.g., 2020 301 310))

-expt (four character experiment name (e.g., BITS))

-orbit (type of orbit to be used (e.g., IGSFE, SIOF, and others))

-aprfile (name of reference frame (e.g., itrf2008.apr)

-yrext (to specify output directory by corresponding year and day (e.g., 2020_301))

Example sh_gamit -d 2020 301 306 -expt BITS -orbit SIOF -aprfile itrf2008.apr

-yrext

Step 4: GAMIT generates a series of daily station coordinates represented in the
form of h-files with loosely constrained solutions. Detecting existing outliers, such
as unlevelled antenna errors, multipath effects, snow accumulation on the antenna,
and others can be challenging solely on the GAMIT output files. To identify these
outliers, time series plots of the station coordinates prove invaluable. In this context,

the GLRED program is commonly employed, utilizing the following commands to
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generate a time series of three-dimensional positions (North, East, and Up):

(1) In the primary experimental directory, establish two subordinate directories

named glbf and gsoln.

(i1) Transform the ASCII h-files into binary format, which is compatible
with GLRED and GLOBK, using the htoglb tool (hfoglb [glbf directory]
[ephemeris_file] <GAMIT h-file>). Subsequently, transfer all the binary A-files into
the glbf directory, alongside the SOPAC global binary /-files obtained from the

IGS network using the ( sh_get_hflies) command.

(ii1) Generate an inventory of binary A-files in the gsoln directory by executing the
command Is ../glbf/h*.glx > expt.gdl. Additionally, copy the files globk_rep.cmd

and globk_vel.cmd from the table directory.
(iv) Run GLRED using glred <crt> <prt> <log> <input_list> <globk cmd file>
Example glred 6 globk_rep.prt globk rep.log expt.gdl globk _rep.cmd -mb

The final component, represented as —mb, generates multibase (time series) files.
These files can be subsequently processed using the zsview program within the
GG-MATLAB (GAMIT-GLOBK MATLAB) tool. This program allows for the

removal of outliers and seasonal modulations, as needed[139].

Step 5: After all data corrections and refinements have been completed, the data
undergo a filtering process using GLOBK to derive station velocities. This is

achieved through the execution of the following command:
globk <crt> <prt> <log> <input_list> <globk cmd file> VEL

Example globk 6 globk_vel.prt globk_vel.log expt.gdl globk_vel.cmd VEL

The above described procedure provides a file named globk vel.org containing three-

dimensional (north, east, and up) velocities for each station. The collective velocity
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information from multiple stations facilitates the construction of a velocity field for the
study area. These seasonal variations may result from a combination of factors, including
surface loading related to water fluctuations, ionospheric-tropospheric pressure, and vapor
loading during the winter season [141]. This seasonal effect can be deconstructed into
annual and semi-annual components using a linear function involving sine and cosine

terms:

y(t)=a+bxt+cxcos2mt/T)+d x sin(2nt/T) +e x cos(4nt /T ) + f x sin(4nt /T)

(2.3.15)
Here, a represents the constant intercept, b represents to the secular rate; ¢ and d represent
the amplitudes of the annual (12 months) periodic perturbations described by sine and
cosine terms, respectively; and e and f represent the amplitudes of semi-annual (six

months) periodic disturbances also expressed using sine and cosine terms, respectively.

2.3.1.3 GPS time series and velocity field in the Kumaun Himalaya
The final estimated daily positions at each site of regional network are converted into the
International Terrestrial Reference Frame 2008 (ITRFO8) for further analysis [142]. Figure
2.5 to Figure 2.9 illustrate time series plots in the north, east, and upward directions for all
the regional GPS stations over the Kumaun Himalaya. Discontinuities or jumps within
the GPS position time series can likely be attributed to factors like receiver interruptions,
antenna errors, multipath effects, or seasonal variations. The vertical component displays
substantial seasonal variation, while minor variations are noticeable in the north and east
components for all stations. In addition, some GPS sites (such as 1001 and 1013) have been
interrupted due to reasons such as station breakdown or building construction. Moreover,
data for the JNVN site is available only up to 2019, as data collection on this site was not
possible due to the impact of the COVID-19 pandemic.

The semi-annual seasonal effect typically exhibits smaller amplitudes compared to the
annual seasonal effects. Prolonged observations spanning more than 2.5 years have been
observed to mitigate the impact of seasonal variations in the calculation of station velocity

[143]. Visual inspection of time-series data for each station using the “tsview” program
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Figure 2.5: Time series for a regional GPS site located at Thakurdwara (THKD).

Figure 2.6: Time series for a regional GPS site located at Dhaulachhina (DHLC).
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Figure 2.7: Time series for the GPS sites NYGN, GTGH, MNGL, NATL, CHRA, and
JNVN.

in GG-MATLAB facilitates the identification and subsequent removal of outliers on a
case-by-case basis. Additionally, the Kalman filter within GLOBK is utilized to compute
the interseismic deformation velocity for each site, refined from a time-series analysis in
the ITRFOS reference frame [139]. While the station velocities in the ITRF08 reference

frame reveal a general northeast trend in Indian plate motion, regional deformation within
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Figure 2.8: Time series for the GPS sites ALMR, 1001, 1002, 1006, 1007, and 1009.

the study area remains challenging to discern. Consequently, the India- or Eurasia-fixed
reference frames are often favored due to their ability to offer regional deformation within
the study area. In the India-fixed frame, site velocities are presented relative to the fixed
India plate, incorporating rotation pole information, such as a latitude of 51.698 +0.271°N,
longitude of 11.853 +1.790°N, and a rotation rate of 0.553 +0.006 M/yr, as provided by

Jade et al. (2017) [144]. The horizontal and vertical velocities of all regional GPS stations
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Figure 2.9: Time series for the GPS sites 1010, 1011, 1013, 1015, 1016, 1017, 1018, and

1019.
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are described in Tables 2.3 and 2.4, and visually depicted in Figure 2.10.

The surface velocities in the ITRFO8 reference frame for the regional GPS network over
the Kumaun Himalaya exhibit a predominant northeast-directed motion of the Indian plate
with velocities ranging from 42.32-50.68 mm/yr (Table 2.3). The regional GPS network
covers only the southern Kumaun Himalaya. Therefore, to increase the spatial resolution
over the Kumaun Himalaya, 26 published [89, 92, 99, 119, 144-146] GPS velocities over
the Kumaun Himalaya are utilized. These published velocities are combined with the
regional GPS network in the ITRFO8 reference frame using a seven-parameter Helmert
transformation (Equation 2.3.16). If the Euler rotation angles are quite small, the Helmert

transformation can be interpreted through the Bursa—Wolf’s equation [147]:

X, X Ty 0 -Ry Ry| |X X
Lil=IM|+|Ty|+t|Rz 0 -Rx| |Yi|+D|Y (2.3.16)
V) A T -Ry Ry O Zi Z

In the Helmert transformation, two 3-dimensional coordinate systems that are different
in their origins or axes can be suitably linked. The seven parameters therefore comprise
three translations of the coordinate origin along the axes (T, Ty, T7z), three Euler rotation
angles for three axes (Ry, Ry, Rz), and a scale factor (1+ D). The Helmert transformation
allows transforming the coordinates of points [X; ¥; Z;] in the first coordinate system to
[X, Y> Z5]" in the second coordinate system. To combine two datasets, a seven-parameter
Helmert transformation is used to rotate one set of velocities to align with the other,
ensuring that they share a common reference frame [11]. This process consists of three
main steps for combining the published velocities with the regional velocities, outlined as

follows:

Table 2.2: Translation, rotation, and scale factor parameters to convert ITRFOS and ITRF14
based velocities into ITRFO8 based velocities

Transformation Tx Ty T Rx Ry R; D
ITRFO5 to ITRFO8 2.6 1 0 03 0.01 O -1.05
ITRF14 to ITRFO8 1.6 19 24 0 0.01 0.1 -0.93
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Table 2.3: GPS-derived velocities of the regional GPS network in the ITRFO8 frame; V,:
east direction velocity; V,,: north direction velocity; V,,: vertical direction velocity, o,: east
direction uncertainty; o,,: north direction uncertainty; ¢,: vertical direction uncertainty

Site code V, V., V, o, o, o,
(mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm]yr)

THKD 34.94 34.81 -3.15 0.40 0.40 0.16
NYGN 33.38 34.80 -9.15 0.10 0.26 3.53
GTGH 31.93 33.64 -12.26 0.67 0.37 2.27
MNGL 34.31 34.02 0.28 0.43 0.48 5.52
NTAL 3441 35.33 6.23 0.56 0.62 5.48
CHRA 34.29 34.47 2.52 0.20 0.25 1.66
JNVN 33.26 33.57 6.41 0.40 0.41 1.03
ALMR 34.25 33.16 -3.19 0.60 0.38 1.05
DHLC 33.77 32.01 2.32 0.80 0.70 0.43
1001 31.28 34.84 14.75 1.78 1.27 21.35
1002 34.12 34.76 3.14 0.53 0.42 9.58
1006 35.21 35.26 -3.43 0.43 0.50 7.90
1007 34.68 34.30 0.13 0.55 0.54 6.00
1009 34.44 33.36 0.03 0.62 0.53 4.60
1010 34.96 33.52 -0.41 0.71 0.63 1.34
1011 34.69 35.19 -3.23 0.54 0.66 2.32
1013 36.60 35.05 7.22 1.40 1.23 7.89
1015 33.62 33.69 10.48 0.60 0.44 6.30
1016 33.57 32.36 -2.10 0.62 0.51 3.63
1017 33.21 33.93 6.93 0.70 0.32 2.38
1018 34.24 33.72 0.76 1.06 0.91 1.45
1019 34.68 33.59 —4.19 0.69 0.72 6.65

Step I: The data obtained from the regional network are analyzed using the

GAMIT-GLOBK software in the ITRF05, ITRF08, and ITRF14 reference frames.

Step II: A seven-parameter Helmert transformation, as described in Equation 2.2,
is employed to convert the observed data from one reference frame to another (e.g.,

from ITRFOS to ITRFOS).

Step III: Subsequently, the least-squares approach is used to minimize the velocity

residuals between co-located stations in both datasets. The transformation parame-
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ters that provide the best fit are then applied to convert all other published velocities

into the ITRFO8 reference frame as provided in Table 2.2.

Table 2.4: GPS-derived velocities of the regional GPS network in the India fixed reference
frame; V,: east direction velocity; V,;: north direction velocity; V,: vertical direction
velocity, o,: east direction uncertainty; o;,: north direction uncertainty; o,: vertical
direction uncertainty

Site code V, V, V., O, o, o,
(mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr)

THKD 1.56 0.01 -3.15 0.40 0.40 0.16
NYGN 0.03 0.02 -9.15 0.10 0.26 3.53
GTGH -1.45 -1.16 -12.26 0.67 0.37 2.27
MNGL 0.93 -0.78 0.28 043 0.48 5.52
NTAL 1.03 0.53 6.23 0.56 0.62 5.48
CHRA 0.91 -0.33 2.52 0.20 0.25 1.66
JNVN -0.12 -1.23 6.41 0.40 0.41 1.03
ALMR 0.87 —-1.64 -3.19 0.60 0.38 1.05
DHLC 0.39 -2.79 2.32 0.80 0.70 0.43
1001 -2.10 0.04 14.75 1.78 1.27 21.35
1002 0.74 -0.04 3.14 0.53 0.42 9.58
1006 1.83 0.46 -3.43 0.43 0.50 7.90
1007 1.30 -0.50 0.13 0.55 0.54 6.00
1009 1.06 -1.44 0.03 0.62 0.53 4.60
1010 1.58 -1.28 -0.41 0.71 0.63 1.34
1011 1.31 0.39 -3.23 0.54 0.66 2.32
1013 3.22 0.25 7.22 1.40 1.23 7.89
1015 0.24 -1.11 10.48 0.60 0.44 6.30
1016 0.19 -2.44 -2.10 0.62 0.51 3.63
1017 -0.17 -0.87 6.93 0.70 0.32 2.38
1018 0.86 -1.08 0.76 1.06 0.91 1.45
1019 1.30 -1.21 -4.19 0.69 0.72 6.65

The surface velocity field of 48 combined GPS sites indicates motion towards the
Eurasia plate at a rate of 38—51 mm/yr with uncertainties ranging from 0.2 mm/yr to
2.2 mm/yr (Figure 2.10a). From the velocity field (in India-fixed reference frame), it is
observed that the northern portion of the study region shows southward movement as a

result of the India-Eurasia convergence (Figure 2.10b). Conversely, in the southern region,
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() (b)

(©)

Figure 2.10: GPS based surface velocities in (a) the ITFRO8 and (b) the India fixed ref-
erence frame along the Kumaun Himalaya. (c¢) GPS based verical velocities along the
Kumaun Himalaya from regional GPS network. Brown and blue colored vectors represent
GPS velocities from the regional setup and published works, respectively. Vertical veloci-
ties in the region are predominantly confined to the southern section due to the limited
availability of vertical velocity data from the regional network. Abbreviations align with

the Figure 2.1.
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the velocity vectors exhibit reduced magnitudes and there is a lack of any discernible
consistent pattern (Figure 2.10b). The decrease in velocity vector magnitudes in the
southern part indicates that the MFT is locked along the study area. In addition, unlike
the northern half, the magnitude of horizontal velocity vectors is nearly within the range
of their associated errors, showing apparent random orientations. On the other hand, the
vertical velocities derived from the regional GPS network range from —12.3 mm/yr to 14.8
mm/yr with uncertainties lying in the range of 0.2 mm/yr to 21.4 mm/yr (Figure 2.10c).
Nevertheless, because of significant uncertainty in the vertical component of the site 1001,
the vertical velocity of this site is not incorporated into the subsequent analysis of the

thesis.

2.3.1.4 GPS velocity field in the Nepal Himalaya

To understand the deformation pattern over the Nepal Himalaya, a set of 77 GPS-based
velocities provided by the Nevada Geodetic Laboratory (NGL; geodesy.unr.edu/) and
other published data [11, 12, 42, 73, 148—152] across the Nepal Himalaya are utilized.

Figure 2.11: Location of NGL based GPS sites along the Nepal Himalaya. Abbreviations
align with the Figure 2.1.

These large number of GPS sites in the Nepal Himalaya enhance the spatial resolution
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(a)

(b)

Figure 2.12: GPS based surface velocities in (a) the ITFRO8 and (b) the India fixed
reference frame along the Nepal Himalaya. Brown and blue colored vectors represent GPS
velocities from the NGL and published works, respectively. Abbreviations align with the
Figure 2.1.

58



2.3. Dataset

of horizontal velocity field (Figure 2.12). The NGL adopted velocities of 46 GPS sites
(Figure 2.11) are estimated using the Median Interannual Difference Adjusted for Skewness
(MIDAS), a robust GPS time-series trend estimator. The GPS time series is processed (by
NGL) using the GipsyX software, and MIDAS is applied to remove data outliers, steps
(i.e., coseismic offsets), and seasonal signals [148]. Then, a seven-parameter Helmert
transformation is used to combine these surface velocities in the ITRFO8 reference frame
(Equation 2.2). The surface velocity field of 77 combined GPS sites indicates motion
towards the Eurasia plate at a rate of 40-50 mm/yr with the uncertainties ranging from
0.2-2.2 mm/yr (Figure 2.12). In addition, using the Euler pole of Jade et al. (2017), the
velocity field in the India-fixed reference frame is derived to account for the regional
deformation pattern (Figure 2.12). Similar to the Kumaun Himalaya region, it is observed
that the northern portion of the study region shows southward movement as a result of the
India-Eurasia convergence, whereas the south-western and the south-eastern portion show
relatively smaller movement in the northward and southward directions, respectively, due
to the north-south shortening across the Nepal Himalaya (Figure 2.12) [10, 11, 153].
Moreover, a distinct shift in the velocity pattern is evident, showing a transition from
higher to lower velocity magnitudes as one moves from the northern to the southern part

of the Nepal Himalaya near the MCT (Figure 2.12).

2.3.2 Interferometric Synthetic Aperture Radar

The Interferometric Synthetic Aperture Radar (InSAR) is a space-based technique that
combines the phases of two different radar images obtained from satellites simultaneously
or at different looking angles (Figure 2.13) [154—-162]. Since 1978, InSAR is a feasible
technology. However, because observation data required for InNSAR were not enough and
a computer for InNSAR analysis required an enormous amount of memory and calculation,
InSAR did not come into practical use before 1990. The synthetic aperture radar (SAR)
had been successively installed on airplanes and satellites in the 1990s. The InSAR is used
in many areas, such as crustal deformation analysis, ocean currents, landscape surveys,

vegetation parameters, classifications of terrain, glacial techniques, and landslides [163].
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Figure 2.13: Geometry of interferometric SAR system [162].

A digital SAR image is a 2-D account of the phases in the imaging region of the
returns from targets. To produce a radar interferogram, two or more SAR images can
be combined. The interference pattern caused by the phase difference between these
images can measure the topography or minute changes in the topography of the order of
several mm between two image acquisitions along the satellite look path (Figure 2.13). To
generate an interferogram, a phase of two digital SAR images, obtained simultaneously or
at different viewing angles from space, can be combined. Relative phase observations from
two images captured from slightly distinct viewing angles provide information on changes
in the range of targets on the area and can thus recover the topography at the pixel of the
SAR image with information of the geometry of the imagery (Figure 2.13). The phase
change between two SAR images captured from the same point of view, but at different
times, is capable of reliably calculating any changes in the return phase. Therefore, if the
Earth’s crust has changed between the two imaging passes towards or away from the radar,

this would result in phase changes in line of sight (LOS) that can be calculated with an
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accuracy equal to displacements at the millimeter level [164].

Figure 2.14: Side-looking InSAR acquisition geometry [164].

Figure 2.14 depicts the geometry utilized in repeat-track interferometry. The objective
involves deriving the elevation /4 for every image point from the data of two SAR images.
The radar carrier wavelength A is a known value obtained from the radar system design.
The satellite’s flight height H and the orbit separation vector can be estimated based on
accurate satellite orbits. The initial distance r; from the satellite to the image point along
the look vector /; is determined via radar signal delay, and the relative difference between
the two phase measurements ¢ constitutes interferogram.

The interferometric phase in repeat-pass interferometry can measure any ground
displacement in addition to topography. If the distance between the ground and satellite
changes between the two acquisitions due to surface movement, a phase shift will occur
(Figure 2.14). The elevation h of each pixel location can be determined from the pair
of SAR images. From the radar control system, the radar transmitter wavelength A

is identified. From appropriate satellite orbits, the satellite flying height H and orbit
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separation vector B can be calculated. To the radar signal delay, r| along the looking
vector /1 is calculated and the interferogram is the relative change between the two-phase
observations ¢ (i.e., the interferometric phase). The phase change calculated between the
image pair is directly proportional to the path delay change provided by ¢ = 47”(1*1 —n),
where r| > is the A| > antenna range. Therefore, if r| and B are known, the phase change
can be determined. The interferometric phase difference can only be determined on

modulo 27. Then, the interferometric phase is given by [165]:

= A 4
¢:47;r1 [1_2(B-l1>+(§) _1] (2.3.17)

r 8

where [} is the unit vector in the direction of the range and B is the vector of length B’s

baseline separation. A parallel ray approximation can be applied if B << ry 5. Then,

)Z—a—nﬂsin(@—oc) (2.3.18)
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where 6 = sin~! <—%> + o and h = H — rycos 8, with the known wavelength of
radar as demonstrated in Figure 2.14. It is useful to describe the uncertainty height 4,, the
change in height that corresponds to a complete 27 shift in phase, to explain the impact of

satellite orbital separation on the interferometric phase [165], as

dh  Arysin@

where the term B - cos(6 — a) denotes the component of the antenna baseline that lies
perpendicular to the range direction, represented as B | .
2.3.2.1 InSAR processing

For the InSAR-based velocity field, the ascending and descending SAR data is collected
from the “COMET-LiCS Sentinel-1 InSAR” portal (comet.nerc.ac.uk/COMET-LiCS-
portal/) [158] as LICSBAS delivers InSAR time series and velocity estimations wherever

enough LiCSAR products are available. While processing the SAR data, due to obvious
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significant atmospheric fluctuation, the noise on every SAR image is mainly random and
can easily be reduced by stacking the interferograms [166]. To reduce the atmospheric
delay, we utilize the atmospheric data of each epoch in the SAR frame provided by the
Generic Atmospheric Correction Online Service for InNSAR (GACOS) [167-169]. Then,
using the small baseline subset (SBAS) approach, progressive and cumulative deformations
as well as mean displacement rates are calculated. The incremental displacements are
combined to obtain the cumulative displacement field. Then, the least-squares approach
is used to determine the mean displacement velocity from the cumulative displacements
[158]. Although Sentinel-1 data provides small temporal and spatial baseline SAR images,
discontinuities in the network might well exist because of strong decorrelation, prolonged
periods without acquisitions, and unwrapping tests. The LiICSBAS resolves this issue by
assuming that displacements across the gaps are linear in duration (i.e., consistent velocity)
[170, 171]. Then, the percentile bootstrap approach computes the uncertainty in velocity
estimation based on standard deviation [172]. The step-by-step method for InSAR data

processing is as follows:

In order to commence LiCSBAS processing, a dedicated conda environment is
required, equipped with specific dependencies. For this, one needs to create a
conda environment that includes Python version 3.6 or higher and proceed to install
essential libraries like Astropy, BeautifulSoup4, GDAL (version 2.4 or above), h5py,
Matplotlib, NumPy, Psutil, Requests, Shapely, and Statsmodels. This environment
should encompass all necessary packages for enabling LiCSBAS functionalities.
Once the environment is established and the dependencies are installed, InSAR data
processing is initiated with the following steps:

Step I (Download GeoTIFF files and convert them into a single-point format):
The LiCSBAS starts with downloading the LiCSAR products covering the
area of interest. The downloaded data is then converted into a single-precision

floating-point format.
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Example (for downloading GeoTIFF files) LiCSBASOI _get_geotiff.py -f
092D _06191 141214 -s 20170306 -e 20210311

-f (Frame ID in COMET-LIiCS Sentinel-1 InSAR portal)

-s (Start date)

-e¢ (End date)

Example (for downloading GeoTIFF files) LiCSBASO02 ml_prep.py -i GEOC -n 1

-1 (Path to the input GEOC dir containing stack of geotiff data)

-n (Number of donwsampling factor (Default: 1, no donwsampling))

Step II (Tropospheric noise correction): To remove the tropospheric noise,
Generic Atmospheric Correction Online Service (GACOS) data is utilized
(http://www.gacos.net/) [169]. The GACOS data for each day of InSAR acquisition
is downloaded and subsequently removed from the InSAR phases [169].

Example LiCSBAS030p_GACOS.py -i GEOCml -0 GEOCmlO -g GACOS

-i (Path to the GEOCml directory containing stack of unwrapped data)

-o (Path to the output directory))

-g (Path to the directory containing GACOS data))

Step III (Mask interferograms): This step masks specified rectangular areas in

the stack of unwrapped data. It is useful when some areas have unwrapping errors,
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probably due to vegetation and topographic effect. For the present study, we set
the coherence threshold value in the interferometric stack to 0.3 to reduce the

vegetation effect [158].

Example LiCSBASO4op_mask_unw.py -i GEOCmI0 -o GEOCmlI - 0.2

-i (Path to the GEOCml* directory containing stack of unwrapped data)

-0 (Path to the output directory))

-¢ (Threshold for average coherence))

Step IV (Quality check to remove low coverage data): As Sentinel-1 SLC data
distributed by ESA do not always cover an entire LICSAR frame (i.e., some bursts
may be missing in a frame), it is essential to remove incomplete data with low
coverage. Following this, the low-coverage interferograms from the InNSAR dataset

are removed [158].

Example LiCSBAS11 _check_unw.py -d GEOCml1

-d (Path to the GEOCml* directory containing stack of unwrapped data)

Step V (Data refinement by loop closure): As unwrapped data may include
unwrapping errors, it can cause significant impact to the derived velocity field. To
identify poorly unwrapped interferograms and subsequently to remove them from
the dataset, the loop closure technique is utilized [158]. The loop closure can be

defined as below:
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Suppose, there are three SAR images @1, ¢, and @3 and three unwrapped interfero-

grams @i, @, and @3. Then, a loop phase can be calculated by [158]:

0123 = 012 + 3 — O3 (2.3.20)

If there are no unwrapping errors in these three interferograms, the loop phase
should be close to zero [173]. On the other hand, if one (or more) of the
interferograms contains unwrapping errors, the loop phase will usually be close
to an integer multiple of 2z. If all loops associated with an interferogram are
problematic, it would be considered as a bad interferogram and consequently it

should be removed.

Example LiCSBAS12 _loop_closure.py -d GEOCml1

-d (Path to the GEOCml* directory containing stack of unwrapped data)

Step VI (Computation of velocity field through small baseline inversion): To
derive the InSAR-based velocity field in the study region, we utilize the New Small
Baseline Subset (NSBAS) method [158]. This method follows an incremental
displacement strategy to derive the displacement rate. The method suitably takes
care of the discontinuous data that may be present because of strong decorrelation,
prolonged periods without acquisitions, and unwrapping tests. In such a situation,
the LiCSBAS resolves this issue of discontinuity by assuming that displacements

across the gaps are linear in duration (i.e., consistent velocity).

Example (To obtain the time series and velocity using NSBAS) LiCS-
BAS13_sb_inv.py -d GEOCml1

-d (Path to the GEOCml* directory containing stack of unwrapped data)
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Example (To calculate the standard deviation of the velocity by the boot-
strap method and STC (spatio-temporal consistency)) LiCSBAS 4 vel std.py -t
TS _GEOCmlI

-t (Path to the time-series and velocities files directory)

2.3.2.2 InSAR velocity field over the Kumaun Himalaya

For the calculation of InSAR-based LOS velocities in the Kumaun Himalaya, three frames
of ascending and two frames of descending acquisitions are employed (Figure 2.15). A
consolidated summary of the InSAR dataset is provided in Table 2.5. The time interval for
each frame of SAR data is ~ 9 years (2014-2022). For each Sentinel-1 InSAR frame, an
interferometric stack using several chains of small-baseline interferograms is developed.
After obtaining the LOS rate map from the LiCSAR process, every frame will have its
unique point of reference within that frame for subsequent velocity calculation [158]. The
regional GPS velocity field over the Kumaun Himalaya is utilized to translate the LOS
rate map into the India fixed reference frame [27, 174]. For this, (i) the GPS velocities in
the India fixed reference are projected into LOS [175], (i1) the best fit-plane between the
GPS in LOS and average InSAR LOS velocities located 500 m from each GPS station is
constructed, and (iii) the estimated plane is subtracted from the InSAR velocity map [174,
175]. The estimated India fixed ascending and descending velocities (Figure 2.16) provide
the surface motions in the LOS direction (towards or away from the satellite) of the study
area. Both the InSAR ascending and descending LLOS rate maps (Figure 2.16) illustrate
a noticeable change in upliftment between the Higher Himalaya and the Lower/Siwalik
Himalaya, due to the convergence of the Indian and Eurasian plates. Specifically, the
Higher Himalaya exhibits a relatively higher uplift in comparison to the Lower/Siwalik
Himalaya. In the ascending LOS rate map (Figure 2.16a), the southern region of the
study area demonstrates movement away from the satellite. Conversely, in the descending

LOS rate map (Figure 2.16b), this southern area exhibits movement towards the satellite.
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Figure 2.15: InSAR ascending and descending frame used for the Kumaun Himalaya. The
red and green boxes represent the ascending and descending frame, respectively. The blue
box represents the Kumaun region.

Notably, a change in the pattern within the ascending and descending LOS velocity fields
along MBT/MFT is observed.

2.3.2.3 InSAR velocity field over the Nepal Himalaya

To estimate InSAR-based LOS velocities in the Nepal Himalaya, five frames of ascending

and four frames of descending acquisitions are employed (Figure 2.17). A consolidated
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(a) (b)

Figure 2.16: (a) Ascending and (b) descending LOS velocities are shown. Positive (blue)
and negative (brown) values represent relative velocity away and towards from the satellite.
Abbreviations align with the Figure 2.1.

Table 2.5: Summary of InSAR dataset for ascending and descending frames over the
Kumaun Himalaya

Ascending Number of Number of Descending Number of Number of
frame images interferograms frame images interferograms
al 118 255 dl 110 248
a2 176 538 d2 96 159
a3 131 301

summary of the InSAR dataset for the Nepal Himalaya is provided Table 2.6. The time
interval for each frame of SAR data is ~5 years (2017-2021). In a similar manner
of Kumaun Himalaya, the India fixed ascending and descending InSAR velocities are
estimated for the Nepal Himalaya using the GPS velocities. The estimated India fixed
ascending and descending velocities (Figure 2.18) provide the surface motions in the LOS
direction (towards or away from the satellite) of the study area. Due to the subsidence

of the Indian plate, the InSAR ascending (Figure 2.18a) and InSAR descending (Figure
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2.18b) LOS rate maps represent the dominance of motion away from the satellite. The
InSAR-based ascending LOS map reveals a notable increase in subsidence rates within
the area spanning from 85°E to 86°E. Following the calculation of GPS and InSAR-
derived velocity fields, the subsequent step involves integrating these velocities to derive a

high-resolution velocity field along the study area.

Figure 2.17: InSAR ascending and descending frame used for the Nepal Himalaya. The
red and green boxes represent the ascending and descending frame, respectively.

Table 2.6: Summary of InSAR dataset for ascending and descending frames over the Nepal
Himalaya

Ascending Number of Number of Descending Number of Number of
frame images interferograms frame images interferograms
al 117 294 dl 75 134
a2 130 312 d2 102 180
a3 81 138 d3 103 200
a4 120 263 d4 125 291
a5 133 365
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(a)

(b)

Figure 2.18: (a) Ascending and (b) descending LOS velocities are shown. Positive (blue)
and negative (brown) values represent relative velocity away and towards from the satellite.
Abbreviations align with the Figure 2.1.
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2.3.3 Integrated velocity field

Satellite-based measures of surface deformation, such as GPS and InSAR products, have
already demonstrated their effectiveness in quantifying tectonic deformation at several
active regions [17-23]. While the ground-based GPS technique provides dense time series
of accurate positions at a limited number of points, the remote sensing InSAR technique
can provide dense spatial coverage at a limited number of epochs. The GPS technique
is used to precisely measure three-dimensional positions with horizontal precision of
mm level and vertical accuracy of two to five times of horizontal ones [24], whereas
InSAR methods can quantify deformations in the line-of-sight (LOS) direction with
high precision ranging from mm to cm [25, 26]. As a consequence, these two geodetic
methods complement one another in crustal deformation monitoring and their integration
enables a uniform spatio-temporal range for higher spatial and temporal resolution than
any of them alone [27-31]. By integrating GPS and InSAR data, Wang and Wright
(2012) [27] developed a procedure for measuring high-resolution velocity field. Such a
method has been adopted to study several active regions of the world, including Afar [28],
eastern Turkey [176], South-Central Tibet [177], and Antolia [175]. In this thesis, the
similar approach is adopted to obtain a high resolution integrated velocity field from the

combination of GPS and InSAR velocities.

2.3.3.1 Methodology for the integrated velocity field

To integrate the InNSAR LOS velocities with the GPS-based velocity field for high-
resolution integrated velocity field, the methodology outlined in Wang and Wright (2012)
[27] is employed. This approach allows us to generate a velocity distribution in the
India-fixed reference frame with significantly enhanced spatial resolution compared to
using GPS data alone. For this, the study area is subdivided into small triangular meshes
(approximately 400 points constituting the vertices of triangles across both the Kumaun
and Nepal regions), and it is assumed that velocity changes linearly with longitude and
latitude within each triangle. Then, an interpolation function is utilized to connect the

GPS and InSAR velocities within each triangle to the velocities of its vertices. While the
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velocity field exhibits lower resolution compared to the original InSAR data, this technique
offers the advantage of eliminating short-wavelength noise that is irrelevant to tectonic
processes, ultimately providing a final 3-D velocity field [27]. The system of equations to

integrate InSAR and GPS velocities can be stated as follows [27]:

Hvar H, orb Hatm kvel dsar
Hyps 0 0 kors | = | dgps (2.3.21)
K2VZ 0 0 katm 0

Here, dgps and dy,, denote GPS velocities and InSAR displacement rates, respectively;
Hi,, denotes the InSAR rate map design matrix operated by local LOS unit vectors and
interpolation kernels; H,,, and H,,;, are matrices for the atmospheric lag compensation
and InSAR orbit models (k4 and k), respectively; H,,s denotes the design matrix
of the GPS interpolation kernel, and k,,; denotes the unknown velocities of the triangle
vertices. In Equation 2.3.21, V2 denotes the Laplacian smoothing operator estimated by
a scale-dependent umbrella operator [178], and the smoothing weight is determined by
the component k2. To fit orbital and long-wavelength atmospheric lag issues, a quadratic
model H,,; is utilized. Then, the integrated velocity field can be estimated using a full
covariance matrix produced by the formal uncertainties of GPS data along with a full

covariance matrix of InSAR calculated using an exponential function [179].

2.3.3.2 High-resolution integrated velocity field along the Kumaun Himalaya

Instead of using GPS velocities directly to estimate the seismic hazard over the region,
a high-resolution velocity field that combines GPS and InSAR velocities is utilized. A
high-resolution velocity field delivers more information at each position of the study area
than a standalone GPS velocity field. The surface velocities derived from the integrated
InSAR and GPS data are provided in Figure 2.19. It is observed that the northern part of
Kumaun Himalaya has deformation towards the south at a rate of 10—15 mm/yr, whereas
the deformation of the southern part is relatively small (Figure 2.19), due to the north-south

convergence of Indian and Eurasian plates [153]. The change in motion from north to
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south in the study area indicates high strain build-up near the MCT region. The estimated
high-resolution integrated velocity field in the vertical direction indicates upliftment over
the study region with an average of 3 mm/yr (Figure 2.19). The upliftment in the lower
Himalaya is less as compared to the other regions. The residual plots for the integrated

velocity field are provided in Figure 2.20 to Figure 2.22.

(a) (b)

Figure 2.19: High resolution integrated (from combination of GPS and InSAR) (a) surface
and (b) vertical velocities in the India fixed reference frame along the Kumaun Himalaya.
Abbreviations align with the Figure 2.1.

The root mean square error (RMSE) value of 1.29 and 1.26 for the GPS calculated
velocities in east and north direction respectively, indicates the level of deviation between

calculated and observed values.

2.3.3.3 High-resolution integrated velocity field along the Nepal Himalaya

The surface velocities derived from the integrated InSAR and GPS data are provided
in Figure 2.23. Similar to the observations in the Kumaun Himalaya, a discernible
change in motion from north to south is evident in the Nepal Himalaya, signifying the
accumulation of high strain near the MCT region. This minimal deformation within the

Siwalik and Lesser Himalaya regions suggests a locking behavior of the MFT in this region.
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Figure 2.20: Observed and calculated (from the integration of InNSAR and GPS) velocities
at the GPS sites along the Kumaun Himalaya.

Figure 2.21: Observed, calculated (from the integration of InSAR and GPS), and residual
velocities for InNSAR ascending pixels along the Kumaun Himalaya.
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Figure 2.22: Observed, calculated (from the integration of InSAR and GPS), and residual
velocities for InNSAR descending pixels along the Kumaun Himalaya.

Specifically, the northern part of the Nepal Himalaya exhibits deformation towards the
south at a rate ranging from 9 mm/yr to 15 mm/yr, while the deformation in the southern
part is relatively smaller (Figure 2.23). This pattern of deformation is a consequence of the

ongoing north-south convergence between the Indian and Eurasian tectonic plates [153].

Additionally, the integrated velocity field reveals upliftment across the study area, with
an average rate of approximately 3 mm/yr, as illustrated in Figure 2.23. Notably, the extent
of upliftment in the lower Himalaya is comparatively less than the other regions. The
residual plots for the integrated velocity field along the Nepal Himalaya are provided in
Figure 2.24 to Figure 2.26. The RMSE values of 1.10 and 1.53 for the calculated GPS
velocities in the east and north directions, respectively, signify the extent of difference

between the calculated and observed values.

In summary, analysis of the integrated velocities in both Kumaun and Nepal Hi-
malaya indicate that beneath the Siwalik Himalaya and the southern portion of the Lesser
Himalaya, a distinct locking behavior is observed as these regions exhibit minimal defor-
mation. Conversely, the northern section of the Lesser Himalaya and the Higher Himalaya
experiences the most significant deformation, notably concentrated in the vicinity of the

MCT. This could be related to the buckling of the Higher Himalayan Crystalline sheets
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()

(b)

Figure 2.23: High resolution integrated (from combination of GPS and InSAR) (a) surface
and (b) vertical velocities in the India fixed reference frame along the Nepal Himalaya.
Abbreviations align with the Figure 2.1.
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Figure 2.24: Observed, calculated (from the integration of InNSAR and GPS), and residual
velocities for InNSAR ascending pixels along the Kumaun Himalaya.

Figure 2.25: Observed, calculated (from the integration of InNSAR and GPS), and residual
velocities for InNSAR descending pixels along the Kumaun Himalaya.
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Figure 2.26: Observed and calculated (from the integration of InSAR and GPS) velocities
at the GPS sites along the Kumaun Himalaya.

southward along the MCT. The southward motion of the Higher Himalaya is correlated
with heightened seismic activity along the down-dip edge of the fault system [180, 181].
The derived integrated velocities along the Kumaun and Nepal Himalaya will be
directly utilized in the upcoming chapters. For example, the integrated velocity field is a
crucial input for computing strain rate distribution (Chapter 3), seismic moment budget
(Chapter 3), and fault parameters (Chapter 4) in subsequent chapters.
Following the estimation of the integrated velocity field along the study region, the

subsequent step involves assembling earthquake data within the area as narrated below.

2.3.4 Earthquake dataset

For assembling the earthquake dataset in this thesis, an expanded area is selected (as shown
in Figure 2.27). This selection is made to facilitate earthquake nowcasting (Chapter 5)
in various cities across the study area. The earthquake catalog is prepared using several

open sources catalogs, such as International Seismological Centre (ISC), United States
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Figure 2.27: Seismotectonic setting of the study area. The earthquake database is compiled
from the International Seismological Centre (ISC), United States Geological Survey
(USGS), and several published works [4, 6, 8, 73-77, 182]; the color and size of the circle
represent the depth and magnitude of earthquakes, respectively. Abbreviations align with
the Figure 2.1.

Geological Survey (USGS), India Meteorological Department (IMD), and other published
works [4, 6, 8, 73-77, 182] over the Kumaun Himalaya and Nepal Himalaya. This
compiled catalog encompasses a comprehensive dataset consisting of 5790 seismic events
with magnitudes exceeding or equal to 3.5 (Figure 2.27). The temporal coverage of the
catalog spans from 1100 to 2022, consisting of three distinct phases: historical earthquakes
(1100-1903, from IMD), early instrumental seismic events (1904—1963, from ISC and
USGS), and modern instrumental earthquakes (1964-2022, from ISC and USGS).

It is observed that acquired earthquake events in the Himalaya are not homogeneous in
magnitude scale [183, 184]. As a result, various magnitude scales (Mr, Mg, my,) from the
initial sources are standardized to the moment-magnitude scale (M,,). To convert the recent
earthquakes’ (from 1976-2022) magnitudes, the open source Global Centroid Moment
Tensor Catalog (GCMT) is used. To convert earthquake of before 1976 (which are not in

moment magnitude), empirical relations outlined in prior studies [183, 185] and published
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data is used. The empirical relations can be expressed as:

M,, =0.67(+0.005)Ms +2.07(+0.03), for (3.0 < Ms<6.1), (2.3.22)

M,, =0.99(£0.020)M +0.08(+0.13), for (6.2 < Mg <8.2), (2.3.23)

M,, =0.85(=£0.040)my, + 1.03(£0.23), for (3.5 <mj, < 6.2), (2.3.24)

M,, =0.934(+0.135)M; +0.356(+0.714), for (3.4 < M; <7.6). (2.3.25)
104 | | | | |

b-value = 0.660
a-value = 6.140

O Cumulative
@ Increment !. ) Pl:l:l
V¥ Mc: 3.9+0.1 @ 0 000
10° T T T ooTm— 1
0 2 4 6 8 10

Magnitude

Figure 2.28: Magnitude-frequency plot of the compiled earthquake catalog.

After compiling the earthquake dataset in homogeneous manner, a magnitude of com-
pleteness threshold (serving as the lower limit beyond which earthquakes are consistently
recorded and included in the catalog) of ~4.0 has been established (Figure 2.28), to ensure
the accuracy and reliability of earthquake dataset. However, it may be noted that this
completeness threshold is somewhat dominated by the events during the modern instru-
mental era. Although the overall magnitude completeness threshold for earthquakes from
1100-2022 is 4.0, the thresholds for historical, early instrumental, and modern instrumental
periods are 5.0, 5.5, and 3.6, respectively.

Moreover, to observe the spatial distribution of earthquake occurrences along longitude
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Figure 2.29: Cross-section view along latitude of the compiled earthquake catalog.

and latitude, the ZMAP software (open source) is employed. Figures 2.29 and 2.30
depict cross-sectional views along the longitude and latitude, respectively. The vertical
sections’ map in the latitude direction (Figure 2.29) displays a significant concentration of
earthquakes around the latitude 28°N. Similarly, the vertical sections’ map in the longitude

direction (Figure 2.30) reveals multiple earthquakes occurring within the longitude range
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Figure 2.30: Cross-section view along longitude of the compiled earthquake catalog.

Figure 2.31: The magnitude-time graph of the compiled earthquake catalog.
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of 85°E to 89°E. Notably, most of these events take place at depths ranging from 25 km
to 35 km in the region. Additionally, a time-magnitude graph is provided for a visual
representation of earthquake occurrences spanning from 1800 to 2022 (Figure 2.31).
The graph illustrates a consistent reporting of earthquakes with magnitudes M,, > 6.0
throughout the entire period. On the other hand, earthquakes with magnitudes M,, < 6.0
are observed to be documented only during the early instrumental and modern instrumental
periods.

The earthquake dataset assembled in this chapter will play a crucial role in computing
seismic moment rate, a key parameter in the seismic moment budget estimation (Chapters 3
and 4). Additionally, it will aid in conducting probabilistic earthquake recurrence modeling
and understanding the ongoing evolution of the earthquake cycle, particularly in relation

to large events within the study region (Chapter 5).

2.4 Summary

In this chapter, a detailed overview of the study area and relevant dataset is provided.
Particularly, (i) the seismotectonic setting of the study area encompassing Nepal and
Kumaun Himalaya is discussed; then, (ii) a description of GPS and InSAR techniques
and associated velocities is presented; subsequently, (iii) integration of GPS and InSAR
velocities is performed to create a high-resolution integrated velocity field along the study
region; and finally, (iv) a homogenized and complete earthquake dataset is prepared from
several sources. The observed integrated velocities serve as a pivotal input in the following
chapters (Chapters 3 and 4) for estimating strain rate distribution, seismic moment budget,
and fault parameters. On the other hand, the compiled earthquake dataset will find
direct application in carrying out seismic moment estimation, earthquake forecasting, and

earthquake nowcasting in the study region (Chapters 3 to 5).
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Strain Distribution and Seismic Moment

Budget along the Study Area

“Nature is relentless and unchangeable, and it is indifferent as to whether

»

its hidden reasons and actions are understandable to man or not.

— Nate Silver

Understanding the characteristics of strain accumulation and its subsequent release through
seismic events is of paramount importance due to its direct implication for seismic moment
budget. In light of this, the present chapter provides the contemporary seismic moment
budget in the Kumaun Himalaya and three spatial sections along the Nepal Himalaya
using the state-of-the-art high-resolution integrated velocity field. For this, (1) the derived
integrated velocity field and compiled earthquake data are re-considered from the previous
chapter (Chapter 2); then, (ii) the three types of geodetic strains, namely dilatational, max-
imum shear, and rotational strains are calculated from a grid based method; subsequently,
(ii1) geodetic and seismic moment rates are computed using the estimated strain tensor and
compiled earthquake data, respectively; finally, (iv) a section-wise seismic moment budget
is estimated through a comparison between geodetic and seismic moment rates over the
study region. By investigating the spatial variation in strain rates and associated seismic

moment budgets, this chapter offers a contemporary seismic hazard scenario along the
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study region.
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3.1 Introduction

For ages, strain rate has found applications in measuring torque, developing strain gauge
technology in aerospace engineering, structural health monitoring of railway and cable
bridges, and power management in spinning devices, such as propellers, wheels, generators,
and fans, as well as in analyzing Earth’s deformation. Particularly, the strain in the upper
crust of Earth is significant in geological processes, such as volcanic eruptions, earthquakes,

and strain development in rocks [186].

Earth deformation is concerned with the changes in the shape of Earth. Therefore, the
crustal deformation is strongly linked to geodetic measurements. Over the last few decades,
the rising quantity and precision of geodetic observations like GPS and InSAR satellite
data have provided measurable values of deformation and velocities [29, 175, 177]. Strain
tensors can be used to mathematically represent geodynamic processes as a predictable
consequence of geodetic networks. Tensors exist independently in any coordinate system
and their characteristics are unaffected by the frame of reference [187]. As a result, tensor
analysis reveals several desirable features of deformation, such as principal, dilatational,
and maximum shear strain, with directions, which are crucial factors for analysis of seismic
hazard [187]. These variables are best suited in describing the mechanism of a continuous
deformation [188].

In active tectonic regions like Kumaun and Nepal Himalaya, understanding the dynam-
ics of strain accumulation and its subsequent release through seismic events is crucial due
to its direct relation with seismic activity. The vast amounts of energy that accumulate over
centuries can be suddenly unleashed in the form of earthquakes, making it imperative to
decipher the contemporary spatial distribution of seismic moment budgets across extensive
geographic areas. Assessing the disparity between geodetic moment accumulation and
seismic moment release is a key parameter in time-dependent seismic hazard analysis for
identifying regions of heightened seismic potential. Such an approach has been extensively
implemented in numerous active regions worldwide [10, 114, 186]. For example, Pancha

et al. (2022) [186] computed the moment deficit in various sections of western America
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by comparing geodetic and seismic moment rates in the area. Bungum et al. (2015) [114]
conducted a seismic hazard analysis in the northwest and central Himalaya by comparing
geodetic and seismic moment rates. Palano et al. (2018) [189] identified regions with
high potential for future earthquakes using these rates for the Zagros Fold-and-Thrust
collisional belt. Sharma et al. (2020) [10] assessed the spatial distribution of earthquake
potential along the Himalayan arc, employing a similar comparable approach. Spara-
cino et al. (2022) [190] utilized these rates to estimate the maximum magnitude in the
Aegean-Anatolian region. To calculate the geodetic moment accumulation and seismic
moment release rates in any region, strain tensors and earthquake data are primary inputs.
Therefore, this chapter focuses on providing an in-depth analysis of the contemporary
seismic moment budget by comparing geodetic and seismic moment rates along the Ku-
maun Himalaya and three distinct sections over the Nepal Himalaya. The methodology
involves calculating seismic moment rates and geodetic moment rates for each section
and subsequently employing moment rate ratios and moment deficit rates to delineate the
contemporary earthquake potential in these sections. The results have several end-user

applications.

3.2 Strain rate distribution

Crustal deformation refers to the movement of the Earth’s surface produced by tectonic
forces that build up in the crust and generate earthquakes [191]. These processes are driven
by the immense forces generated by the movement of tectonic plates at plate boundaries.
The resulting strain accumulates over time until it exceeds the strength of the rocks, leading
to sudden releases of energy in the form of earthquakes [191]. In several active regions of
the world, seismicity rates are observed to be correlated to geodetic strain rates [192—194].
For example, Wesnousky and Scholz (1982) [195] observed a one order of magnitude
variation between the calculated moment-release rate from Quaternary fault and seismicity
data of 400 years in Japan. Therefore, analyzing strain distribution provides valuable
insights into seismic hazard assessment and risk mitigation strategies from the devastating

impacts of earthquakes.
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3.2.1 Mathematical formulation

Strain tensors serve as mathematical descriptors, unraveling the complex movements within
geodynamic systems, elucidating their intricate behaviors through geodetic frameworks.
Their application allows the precise modeling of geological phenomena, revealing the an-
ticipated outcomes of tectonic activities within established geodetic networks. Within these
tensors lie the encoded patterns of deformation, enabling us to forecast and understand
the consequential dynamics inherent in geodetic observations. Below a comprehensive

expression delineating the essence of strain rate distribution calculations is provided.

The displacement vector u;(x) at any arbitrary point x with respect to the origin x( can

be expanded using the Taylor series [196]:

. 1 8141' 8uj 1 814,' auj .
ul(x)_u’(x())—'_i(3_Xj+8_xi)dxl+§(8_xj_a_xi)dxj i=1,23 (3.2.1)

Here, u;(x() represents a rigid body translation and the subsequent partial derivatives
represent the relative displacement in terms of the gradient of displacement. The symmetric

part of the displacement gradient tensor is defined as an infinitesimal small strain tensor in

1 8u,~ 81/[]‘
6y=> (8_xj + ax,-> (3.2.2)

the following manner:

The anti-symmetric component of the displacement gradient tensor can be described

as equivalent to a rigid body rotation, denoted by:

! (a”i %> (3.2.3)

;= — -
Y 2 ax]' 8x,~

Thus, the surface displacement has three major components: rigid body translation

(u;(x0)), strain (&), and rigid body rotation (@;;). Further, a 2D strain rate field can be

90



3.2. Strain rate distribution

formed from Equation 3.2.1 as

: Eeet+ € 1, . .
€10 = % + \/Z(eee + &)+ 82, (3.2.4)
1 2%
0 = —tan"! (—) , (3.2.5)
2 Eee — Enn
e=/i2 1 e2,4 28, (3.2.6)

where, & and &, are the principal axes of strain; &, = %, En = %, Eop = % (g;e + g;” );
e n e n

and v, and v, are the east and north velocity components, respectively [197]. On the
right-hand side of Equation 3.2.4, the initial term signifies the dilatation strain rate, while
the subsequent term denotes the maximum shear strain rate. Equation 3.2.5 introduces the
directional principal strain rate, denoted as 6, and Equation 3.2.6 quantifies the second

invariant strain rate, expressed as €.

Various approaches are available to estimate strain rates by solving the velocity gradient
tensor, including the grid method, subnetwork method, and the Delaunay triangulation
technique, as documented in studies such as [196, 198-201]. To estimate the strain field
in the Kumaun and Nepal Himalaya, both regions are divided into homogeneous grids
(0.15° x 0.15° for Kumaun Himalaya and 0.25° x 0.25° for Nepal Himalaya) and the
associated integrated velocities are utilized to estimate the 2-D velocity gradient tensor,

which essentially depicts strain rate [196].

2
W; = —4 327
| = exp D2 | (3.2.7)

In the above expression, W; represents the weighting factor; d; represents the distance
between the node point and the j'* velocity point, and D represents the distance of the
4 nearest velocity location to the estimated location. The parameter D regulates the
smoothness of the geodetic strain rate calculation. In the current study, the smoothness

radius D is assumed to be 30 km and 50 km for Kumaun and Nepal Himalaya, respectively

91



Chapter 3. Strain Distribution and Seismic Moment Budget along the Study Area

based on the resolution of integrated velocity field. This value of D also results in the

maximum strain rate change in the Kumaun and Nepal Himalaya [196].

3.2.2 Strain rate field over the Kumaun Himalaya

In this section, the strain rate distribution such as, dilatational strain rate, maximum
shear strain rate and rotational rate over the Kumaun Himalaya is derived using the high
resolution integrated velocity field obtained in Section 2.3.3.2. A high-resolution velocity
field delivers more information at each position of the study area than a standalone GPS

velocity field.

3.2.2.1 Dilatational strain rate

The dilatation strain rate, a fundamental invariant of the strain rate tensor, is indepen-
dent of coordinate reference frames. This parameter is characterized by the sum of the
eigenvalues of the strain rate tensor. Notably, the dilatation strain rate plays a crucial
role in distinguishing between deformations associated with reverse or thrust faults and
corresponding to normal faults [201]. Figure 3.1 depicts dilatation strain rate pattern
along the Kumaun Himalaya region, the negative values indicate compression and positive
values represent extension. It is observed that the compressional strain rates are dominant
than the extensional strain rates, probably due to the presence of the recognized thrust
faults. A large region of tectonic compression with a mean of —0.08strain/yr is observed,
implying that the entire Kumaun Himalaya is experiencing contraction as a result of
convergence between Indian and Eurasian plates. The dilatational strain rate is higher
along the MCT in the Kumaun Himalaya, which corresponds to the seismicity pattern
along the region. Previously, Ponraj et al. (2010) [85], Jade et al. (2014) [119], and Dumka
et al. (2014) [121] also observed a high strain rate along the MCT in Kumaun, confirming
the consistency in strain estimation. The tectonic compression in Kumaun region is an
indication of large strain accumulation in the region. Additionally, the dilatational strain
rate observed in the Kumaun Himalaya around the MFT and MFT exhibits a relatively

lower value, probably attributed to the locking behavior evident in these faults.
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3.2. Strain rate distribution

Figure 3.1: Dilatational strain rate (principal axes of the strain rates) estimated along
the Kumaun Himalaya. Abbreviations are as: MFT, Main Frontal Thrust; MBT, Main
Boundary Thrust; MCT, Main Central Thrust.

3.2.2.2 Maximum shear strain rate

The maximum shear strain rates provide insights into the deformation resulting from
strike-slip faulting, with elevated values signifying localized shear deformation. These
rates are derived by linearly combining the maximum and minimum eigenvalues [201].
The deformation pattern of maximum shear strain, as illustrated in Figure 3.2, exhibits
relatively higher deformation along the MCT. In contrast, the regions along the MBT and
MFT exhibit relatively lower maximum shear strain deformation, which is also observed
in the dilatational rate map. The calculated maximum shear strain rate for the Kumaun

Himalaya is approximately 250 nstrain/yr. To establish a relation between the maximum
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shear strains with the seismological data, the earthquake dataset obtained in Figure 2.27
and the maximum shear strain rate in Figure 3.2 are compared, which shows high seismicity
with higher maximum shear strain rates. The diminished strain rates and infrequent seismic
activity observed in the vicinity of MFT and MBT suggest that internal deformation within
this area is minimal. Additionally, it’s important to note that seismic activity can trigger
accumulated strain at the down-dip edge of the fault system [181], resulting in a seismic

belt in the higher reaches of the frontal thrust [202].

Figure 3.2: Maximum shear strain rate estimated along the Kumaun Himalaya. Abbrevia-
tions align with the Figure 3.1.
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3.2.2.3 Rotational rate

The rotation rate is an expression of the antisymmetric component of the velocity gradient
tensor (Equation 3.2.1). There are three proposed explanations for the cause of rotational
strain: (i) the non-uniform distribution of gravitational potential energy, (ii) variations
in heat flux within the lithosphere, and (iii) interactions at plate boundaries and their
associated configurations [203-205]. Among these hypotheses, the third one, which
pertains to plate boundary interactions, aligns with the tectonic setting of the Himalayan
arc. In this context, the Arabian plate and the Hindu Kush Pamir range to the northwest
induce counterclockwise rotation, while the Sunda block in the northeast leads to a

clockwise rotation of the Himalayan arc [144, 206].

Figure 3.3: Rotational rate estimated along the Kumaun Himalaya. Abbreviations align
with the Figure 3.1.
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The rotational deformation pattern along the Kumaun Himalaya is shown in Figure 3.3.
By inspecting the deformation pattern, it is noticed that the rotational rates are relatively
high in the region between MCT and MBT. A large fraction of clockwise rotation is
captured in this region. The rotation pattern changes from clockwise to anti-clockwise in

northeast and southwest region of the Kumaun Himalaya.

3.2.3 Strain rate field over the Nepal Himalaya

In this section, the strain rate distribution, such as dilatational strain rate, maximum shear
strain rate, and rotational rate over the Nepal Himalaya is derived using the high resolution

integrated velocity field obtained in the Section 2.3.3.3.

3.2.3.1 Dilatational strain rate

Figure 3.4: Dilatational strain rate (principal axes of the strain rates) estimated along the
Nepal Himalaya. Abbreviations align with the Figure 3.1.

The principal strain rate along the Nepal Himalaya (Figure 3.4) demonstrates a large region
of tectonic compression with a mean of —0.07ustrain/yr, implying that the entire Nepal
Himalaya is experiencing contraction. Similar observation is also noted by Ansari (2018)
[207] and Sharma et al. (2020) [10] using GPS data. From Figure 3.4, it is observed

that the dilatational rates are relatively higher along the MCT, which is also observed
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in Kumaun Himalaya region. The obtained higher strain rate along the MCT signifies
substantial stress buildup in the vicinity of the fault. In the northern part of the area i.e., in
the Tibet region, extensional deformation is observed. Moreover, the observed dilatational
rate in the Nepal Himalaya surrounding the MFT and MBT displays a comparatively lower

deformation, likely due to the locking behavior evident within these faults.

3.2.3.2 Maximum shear strain rate

The maximum shear strain rate over the Nepal Himalaya is represented in Figure 3.5. The
maximum shear strain rate is relatively higher along the MCT. The calculated maximum
shear strain rate for the study area is approximately 225 nstrain/yr, which indicates the
presence of strike-slip deformation in the region. A clear patch of higher deformation
in eastern part along the MCT is observed. Similar to the dilatational rate in the Nepal
Himalaya, a relatively lower deformation is observed in the vicinity of MFT and MBT.
Moreover, to establish a correlation between the maximum shear strain rate and seismo-
logical data along the Nepal Himalaya, a comparison is made between the seismic catalog
obtained in Figure 2.27 and the maximum shear strain rate in Figure 3.5. This comparison

reveals heightened seismic activity corresponding to higher maximum shear strain rates.

Figure 3.5: Maximum shear strain rate estimated along the Nepal Himalaya. Abbreviations
align with the Figure 3.1.
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3.2.3.3 Rotational rate

The rotational deformation pattern along the Nepal Himalaya is shown in Figure 3.6. By
inspecting the deformation pattern, it is observed that the rotational rates in the southern
section are dominant by clockwise direction, whereas in the northern section of the Nepal
the dominance of anti-clockwise deformation is present. A clear patch of large fraction
of clockwise rotation is observed in the northwest region of Nepal. The rotation pattern
changes from clockwise to anti-clockwise from north to south along the MCT inthe Nepal

Himalaya.

Figure 3.6: Rotational rate estimated along the Nepal Himalaya. Abbreviations align with
the Figure 3.1.

The derived strain rate distribution across the Kumaun and Nepal Himalaya reveals the

following notable observations:

1. Strain rate (dilatational rate and maximum shear strain rate) is not homogeneous

over the Kumaun and Nepal Himalaya.

2. A relatively higher strain rate is observed along the MCT in the study region. In

contrast, minimal strain rate is observed along the MBT and MFT.
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3. The minimal deformation observed along the MBT and MFT signifies the locking

behavior of these faults.

4. The obtained strain rate deformation in the Kumaun and Nepal Himalaya agrees

with seismic pattern in these regions.

In the following sections of this chapter, the estimated strain rate along the Kumaun
and Nepal Himalaya is utilized to derive geodetic moment rate. Subsequently, the obtained
geodetic moment rate is compared with the seismic moment rate to obtain the seismic

moment budget in the Kumaun and Nepal Himalaya.

3.3 Methodology for computing seismic moment budget

In order to determine the seismic moment budget along the study region, the geodetic
moment rate (GeMR) and seismic moment rate (SeMR) are calculated and subsequently
compared. The calculated strain rates serve as the foundation for determining GeMR,
whereas the compiled earthquake data in Chapter 2 enables to calculate SeMR in the region.
The computation steps of geodetic moment rate, seismic moment rate, and seismic moment
budget potential are explained in the following subsections. Furthermore, a comparison of

geodetic signals to seismic signals is also emphasized.

3.3.1 Comparison of geodetic deformation signals and seismic defor-
mation signals

As the methodology involves comparing the geodetic moment rate with the seismic
moment rate in a region, establishing a correlation between the geodetic and seismic
deformation signals becomes essential. Therefore, initially, to establish a connection
between geodesy-based signals (i.e., derived integrated velocity field in Figure 2.19
and Figure 2.23) and seismic signals (i.e., compiled earthquake data in Figure 3.7), an
examination of crustal strain patterns and focal solutions is conducted. Focal solutions
of earthquakes are recognized for their capacity to depict the prevailing tectonic stress

configuration at the time of fault rupture, while GPS-derived strain signals offer insights
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into the style of interseismic energy accumulation [208]. For this purpose, focal solutions
since 1976 are sourced from the GCMT https://www.globalcmt.org/). Figure 3.7 presents
the focal mechanism solutions of earthquakes along the Kumaun and Nepal Himalaya

since 1976.

28°N

26°N 8

80°E 82°E 84°E 86°E 88°E

Figure 3.7: Focal mechanism solution of Kumaun and Nepal Himalaya’s earthquakes
since 1976. Abbreviations align with the Figure 3.1.

From Figure 3.1, Figure 3.4, and Figure 3.7, it is observed that along both the regions,
Kumaun and Nepal Himalaya, a dominant compression mechanism (i.e., thrust faulting)
is evident. This is due to the presence of major thrust fault such as, MFT, MBT, and
MCT in the study area. In addition, the heightened seismic activity corresponds to higher
maximum shear strain rates along the Kumaun and Nepal Himalaya. As a result, based on
the above discussion, it is reasonable to conduct a comparison between geodetic moment
rate and seismic moment rate to evaluate the seismic moment budget along the study
area. Various studies in active tectonic regions have already employed the methodology of
comparing geodetic and seismic moment rates for calculating the seismic moment budget,

where a correlation exists between geodetic and seismic deformation signals [10-12, 73,

114, 201, 209].
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3.3.2 Geodetic moment rate estimation

The derived strain rates form the fundamental framework for the computation of the
geodetic moment rate. Using the strain rate tensors, the GeMR is determined through the

expression provided by Savage and Simpson (1997) [210]:
M = 2uH A Max([1j ] |12l 171 + 2. (33.1)

Here, Mg denotes the GeMR; u =3 x 100N / m? denotes the elastic layer’s shear modulus;
H; denotes the seismogenic thickness; A; denotes the area of the source section, and the
maximum and minimum principal strain rates are denoted by 1j; and 1j,, respectively.
Particularly, for the seismogenic depth, previous studies [5, 12, 73, 114, 211, 212] have
suggested that the Himalaya’s seismic depth ranges from 20 km to 35 km. However, as the
depth-wise distribution of events indicates that around 85% of all seismic events, including
all major to great earthquakes, occur up to a depth of 25 km as shown in Figures 2.27, 2.30
and 3.8, the current study assumes 25 km as the base seismogenic depth. Nevertheless, a

later part of this chapter has focused on the sensitivity testing of the input parameters.

3.3.3 Seismic moment rate estimation

To calculate the seismic moment release associated with each event, the following relation-
ship is used [213]:
My = 10U-5Mw+9.1), (3.3.2)

Here, My denotes the seismic moment and M,, denotes the moment magnitude of each
earthquake. The calculated total seismic moments are then transformed into SeMR (Mg)
by dividing the catalog length. To estimate the seismic moment rate along the Kumaun

and Nepal Himalaya, the earthquake dataset obtained in Chapter 2 is utilized.
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Figure 3.8: Boxplot illustrating the five number summary for earthquake depths.

3.3.4 Seismic moment budget estimation

After obtaining GeMR and SeMR, seismic moment budget, My = Mg — 5 1s calculated
based on the assumption that the whole moment deficit rate within the section will be
released by one or more earthquakes [10, 114, 186, 201, 214, 215]. The ratio of GeMR
to SeMR enables an overview of the seismic moment budget estimation, whereas the
difference between GeMR and SeMR provides the moment deficit rate and its equivalent
earthquake potential. The moment rate ratio is calculated using the expression:

18

M,
Moment rate ratio = 1\72 =R (say). (3.3.3)
0

Here, the value of R (i.e., moment rate ratio) offers an insight into the seismic moment

budget across three distinct scenarios:

1. If R > 1, it signifies that the geodetic moment rate (energy accumulation) surpasses
the seismic moment rate (energy release). This implies that the total moment deficit
rate can be linked to future earthquakes, and it helps to determine the seismic activity

needed to eliminate the disparity between the geodetic and seismic moment rates,
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thereby achieving a moment rate ratio of unity.

2. If R =1, it suggests that the geodetic moment rate matches the seismic moment rate,

signifying that the accumulated energy is balanced by the background seismicity.

3. If R < 1, in this scenario, the seismic moment rate surpasses the geodetic moment
rate, indicating that the accumulated strain energy has been entirely released, and

the region is accumulating seismic energy during the interseismic period.

The moment deficit rate (M) is determined by the difference between the SeMR and
GeMR, calculated as:
Mo = M§ — Mg (3.3.4)

3.4 Contemporary seismic moment budget along the Ku-

maun Himalaya

In order to calculate the contemporary seismic moment budget along the Kumaun Hi-
malaya, the following settings are considered: (1) the seismogenic depth is assumed to
be 25 km (as described in Section 3.3.2); (2) the length of the recalculated earthquake
database is taken to be around 200 years (i.e.,1800-2022) as the time span of obtained
catalog in Section 2.3.4 is only 200 years particularly in the Kumaun Himalaya region, and
(3) no contribution from aseismic deformation is considered due to the lack of sufficient
evidence of aseismic activity in the Himalayan region (e.g., Lindsey et al. 2018 [11];
Bilham et al. 1997 [16]; Bird and Kagan 2004 [216]; Li et al. 2018 [115]; Sreejith et al.
2018 [108]). Nevertheless, a later part of this section has focused on the sensitivity testing
of these input parameters.

The estimated GeMR over the Kumaun Himalaya is 7.94 0.1 x 10'8 Nm/yr, whereas
the SeMR is 0.35 x 10'8 Nm/yr. The ratio of GeMR to SeMR in the Kumaun Himalaya
1s 22.87, indicating that GeMR is significantly higher than the SeMR in the region. The

difference of GeMR and SeMR in the region corresponds to a moment deficit rate as high
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as 7.59+0.1 x 10'® Nm/yr in the study region. The observed moment deficit rate suggests
an earthquake potential of M,, 8.1 in the Kumaun Himalaya region.

As the present study re-estimates the strain-rate field and associated earthquake po-
tential along the Kumaun Himalaya, a comparison of the outcomes to previous studies
is essential to validate the results. Similar to the present findings, Bilham (1997) [16]
also suggested that bothe the western part of Nepal and the Kumaun Himalaya have the
potential to cause a great earthquake (M,, > 8) as neither the Kumaun Himalaya nor the
western Nepal has ruptured in the previous 350 years. Ponraj et al. (2010, 2019) [85,
89] utilized 16 GPS velocities and found that the moment deficit rate 8.4 + 1.0 x 10'3
Nm/yr of the MHT beneath the Kumaun Himalaya is high. Using 56 GPS sites over the
northwest Himalaya, Jade et al. (2014) [119] suggested that just south of the MCT, the
Garhwal-Kumaun Himalaya region has a high accumulation of strain. Similarly, Dumka et
al. (2014) [122] estimated the higher strain rate along the MCT and the Higher Himalaya.
Kannaujiya et al. (2022) [99] used 18 GPS velocities to estimate crustal strain buildup
over the Kumaun-Garhwal. They observed that the northwest Himalaya could produce
at least one M,, ~ 8.0 earthquake. Therefore, as a whole, the present analysis based
on the integrated velocity information not only overcomes the limitation of low spatial
coverage but also enables the most-updated earthquake potential estimation in the Kumaun
Himalaya. The findings strongly suggest that the Kumaun Himalaya can produce large to

great earthquake(s) and can be catastrophic for the human population.

3.4.1 Sensitivity analysis

As the above estimates of seismic moment budget and associated earthquake potential
depend on several input parameters, a sensitivity analysis is essential to understand the
variation of estimates. For this, seismogenic depth as 20 km, 25 km, 30 km, and 35 km,
lower and upper limit of GeMR (due to uncertainty in velocity estimation), and earthquake
database of 50 years, 100 years, and 200 years are considered. It is found that the seismic
moment budget ranges from M,, 8.0 to M,, 8.2 as the seismogenic depth ranges from 20

km to 35 km (Table 3.1). The seismic moment budget remains unchanged for the lower
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and upper limits of GeMR (Table 3.2). Furthermore, the seismic moment budget varies

from M,, 7.7 to M,, 8.1 as the catalog length varies from 50 to 200 years (Table 3.3).

Table 3.1: Comparison of SeMR and GeMR over the Kumaun Himalaya at various
seismogenic depths and 200 years of earthquake database length

Mg

Depth M M W Mo Earthquake potential
(km) (10" Nm/yr) (10'® Nm/yr) ’ (10'® Nm) (M,,)

20 6.34+0.09 0.33 19.16 6.01 8.0

25 7.94+0.10 0.35 22.87 7.59 8.1

30 9.5140.12 0.36 26.64 9.16 8.1

35 11.10£0.15 0.36 30.84 10.74 8.2

Table 3.2: Comparison of SeMR and GeMR using the lower and upper limit of geodetic
moment rates corresponding to 25 km seismic depth and 200 years of earthquake database
length

. g .
Limit M M} % M, Earthquake potential
0
(10" Nm/yr) (10'® Nm/yr) (10'® Nm) (M,,)
Lower 7.93 0.35 22.85 7.58 8.1
Upper 7.95 0.35 2290  7.60 8.1

Table 3.3: Comparison of SeMR and GeMR corresponding to 25 km seismic depth and
varying seismic catalog length

Mg

Catalog Length M M} A Mo Earthquake potential
0
(10'8 Nm/yr) (10'® Nm/yr) (10'8 Nm) (M,,)
50 7.9440.10 0.08 89.70 7.85 7.7
100 7.9410.10 0.52 15.15 7.41 7.9
200 7.9410.10 0.35 22.87 7.59 8.1
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3.5 Contemporary seismic moment budget along the Nepal

Himalaya

It is a well-known fact that earthquakes periodically release elastic strain energy accu-
mulated throughout the interseismic interval, though this released amount may not be
homogeneous over the entire area. Particularly in Nepal, the seismicity pattern exhibits
spatial variation, indicating more frequent seismic activity in eastern Nepal compared to
the western and central regions (Figures 2.27 and 2.30). In fact, the western Nepal belongs
to the “central seismic gap”, bounded by the epicentral locations of the 1905 Kangra
earthquake and the 1934 Bihar-Nepal earthquake [96, 97]. In addition, the majority of
earthquakes in the study region occur along a decollement MHT beneath the Himalaya.
Similarly, the convergence rate inferred from geodetic measurements varies spatially,
with more convergence rate in the western Nepal than that of central and eastern Nepal
[11, 12]. Due to the heterogeneity in moment accumulation and moment release in the
Nepal Himalaya, there have been spatial variations in the estimated moment deficit rate
and associated magnitude potential across this region [5, 7, 10, 12, 73, 108, 114]. As a
result, spatial distribution of earthquake potential is essential to better characterize the
contemporary seismic hazard along the Nepal Himalaya. Therefore, a segmentation-based
strategy (e.g., Pancha et al. 2006 [186]; Sharma et al. 2020 [10]) is considered to deter-
mine the spatial variation of seismic hazard throughout the Nepal Himalaya. For this, the
Nepal Himalaya is divided into three continuous sections (from west to east) based on the
following criteria (Figure 3.9): (i) each section should contain at least 15 earthquakes of
M,, > 4.0; (ii) any large earthquake’s rupture region should be contained inside a single
section, and (ii1) each section should contain homogeneous velocity/strain rate [5, 7, 114,
201, 217-219]. For brevity, these three sections may termed as: western Nepal Himalaya
(section 1 in Figure 3.9), central Nepal Himalaya (section 2 in Figure 3.9), and eastern

Nepal Himalaya (section 3 in Figure 3.9).

After dividing the Nepal Himalaya into various sections, the contemporary seismic
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Figure 3.9: Distribution of various sections along the Nepal Himalaya with historical
earthquake rupture zones (Zhang et al. 2016 [152]; Dal Zilio et al. 2019 [220]; Bilham
and Szeliga 2008 [221]).

moment budget along the Nepal Himalaya is calculated, by considering the following
settings: (1) the seismogenic depth is assumed to be 25 km (as described in Section 3.3.2);
(i1) the length of the recalculated earthquake database is taken to be around 500 years
(1500-2021), and (iii) similar to Kumaun Himalaya, there is no contribution from aseismic
deformation. Similar to the analysis in the Kumaun Himalaya, a later part of this section has
focused on the sensitivity testing of these input parameters including the upper and lower
limits of the seismic moment budget for each section. This variation is achieved by varying
the seismogenic depth (from 20 km to 35 km) and the duration of the considered catalog
(e.g., 200 years, 500 years and 900 years). Afterward, GeMR and SeMR calculations are

performed for each of the three sections (Table 3.4).

The geodetic moment rate from west to east across three sections ranges from 17.16 x
10'8 Nm/yr to 16.74 x 10'® Nm/yr, with the minimum of 8.43 x 10'® Nm/yr in central
Nepal Himalaya, whereas the seismic moment rate varies between 5.02 x 10'® Nm/yr to
11.41 x 10'® Nm/yr, with the minimum of 3.69 x 10'® Nm/yr in central Nepal Himalaya.
The ratio of GeMR to SeMR in the Nepal Himalaya varies from 1.47 to 3.42, indicating a
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Table 3.4: Comparison of SeMR and GeMR for various sections corresponding to 25 km
seismic depth and 500 years of earthquake database length

. . Mg
Section M§ M} 1\72 My Earthquake potential
0
(10'® Nm/yr)  (10'® Nm/yr) (10'8 Nm) (M,,)
1 17.16£0.13 5.02 3.42 12.13 8.5
2 8.43+0.10 3.69 2.29 4.74 7.9
3 16.74+0.22 11.41 1.47 5.33 8.1

Figure 3.10: Seismic moment budget throughout the Nepal Himalaya. Pie chart represents
the ratio of geodetic and seismic moment rate.

reasonable correlation between the moment accumulation and moment release along each
section of Nepal Himalaya. Consequently, the moment deficit rate (M) is estimated by
deducting SeMR from GeMR along three sections of the Nepal Himalaya (Table 3.4). The
moment deficit rates in central Nepal Himalaya and eastern Nepal Himalaya are equivalent
to 4.74 x 10'® Nm/yr and 5.33 x 10'® Nm/yr, respectively, whereas the moment deficit
rate in western Nepal Himalaya is relatively higher than other sections and is equivalent to
12.13 x 10'® Nm/yr (Table 3.4). The moment deficit rate suggests an earthquake potential
of M,, 8.5 in the western Nepal Himalaya, M,, 7.9 in the central Nepal Himalaya, and M,,

108



3.5. Contemporary seismic moment budget along the Nepal Himalaya

8.1 in the eastern Nepal Himalaya (Table 2.1 and Figure 3.10). This variation is potentially
due to several factors: the central seismic gap in western Nepal, the occurrence of the 2015
Gorkha earthquake in central Nepal, and a higher accumulation of geodetic moment in
eastern Nepal. As a convention (e.g., Ader et al., 2012 [12]; Lindsey et al., 2018 [11]), the
moment deficit rate and equivalent earthquake potential are also estimated by considering
the entire Nepal Himalaya as a single segment. This results in a moment deficit rate of
4.08 x 10'” Nm/yr and an earthquake potential of M,, 8.8. In summary, there is a potential
for major to great earthquakes in each of the three sections of the Nepal Himalaya. The
following paragraph presents a comparison between present findings and the results from
previous studies.

Bilham et al. (1997) [16], using 24 GPS sites, suggested that the both western part
of Nepal and Kumaun Himalaya (along with the boundary of Western Nepal) have the
potential to cause a great earthquake (M,, > 8) as neither the Kumaun Himalaya nor the
western Nepal has ruptured in the previous 350 years. Ambraseys and Douglas (2004) [6]
re-evaluated the size and location of Himalayan earthquakes and found that the western
Nepal Himalaya has not ruptured since the 1505 earthquake. By utilizing 30 GPS stations
from Nepal and south Tibet, Ader et al. (2012) [12] observed that the moment deficit rate
on the MHT throughout Nepal is large, which could produce a great earthquake in the
region. Lindsey et al. (2018) [11] used data of 275 GPS sites derived from 16 different
published studies and found that the seismic hazard across the Nepal Himalaya is high.
Sreejith et al. (2018) [161] utilized two decades of GPS, InSAR, and leveling data to
estimate stored energy along the Nepal Himalaya. They found that the western part of
Nepal with unreleased strain energy reveals asperity similar to the 2015 Gorkha event.
In this study, the Nepal Himalaya is divided into three spatial sections and estimated
the seismic moment budget for each section from the high resolution integrated velocity
field. A similar work has been carried out earlier by Sharma et al. (2020) [10]. Using
487 GPS sites scattered over the entire Himalayan arc, they observed that the western
and central sections of the Nepal Himalaya have high seismic potential, equivalent to a

M,, ~ 8.0 earthquake in each section. Therefore, as a whole, the present analysis based
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on the integrated velocity information not only overcomes the limitation of low spatial
coverage, but also enables the most-updated earthquake potential estimation over three
continuous sections of the Nepal Himalaya. The findings strongly suggest that each of the
sections of the Nepal Himalaya can produce large earthquake(s) and can be catastrophic

for the human population.

3.5.1 Sensitivity analysis

As the above estimates of seismic moment budget and associated earthquake potential
depend on several input parameters, a sensitivity analysis is essential to understand the
variation of estimates. For this, the seismogenic depth is varied between 20 km, 25 km, 30
km, and 35 km. The sensitivity analysis also includes the lower and upper limits of GeMR
(accounting for uncertainty in velocity estimation) and earthquake databases spanning 200
years, 500 years, and 900 years. The results of the sensitivity analysis are summarized in
Table 3.5 to Table 3.12. From these tables, the following observations are made:

Table 3.5: Comparison of SeMR and GeMR for various sections corresponding to 20 km
seismic depth and 500 years of earthquake database length

. ) 78
Section M§ M % My Earthquake potential
0
(10" Nm/yr) (10'® Nm/yr) (10'® Nm) (M,,)
1 13.72+0.11 5.01 2.73 8.71 8.4
2 6.74+0.08 3.66 1.84 3.08 7.8
3 13.994+0.17 11.40 1.23 2.59 7.9

Table 3.6: Comparison of SeMR and GeMR for various sections corresponding to 25 km
seismic depth and 500 years of earthquake database length

. . Mg
Section M§ M} ﬁ? My Earthquake potential
0
(10'® Nm/yr) (10'® Nm/yr) (10'8 Nm) (M,,)
1 17.16£0.13 5.02 3.42 12.13 8.5
2 8.43+0.10 3.69 2.29 4.74 7.9
3 16.74+0.22 11.41 1.47 5.33 8.1
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Table 3.7: Comparison of SeMR and GeMR for various sections corresponding to 30 km
seismic depth and 500 years of earthquake database length

. . Mg
Section M M} ﬁ? My Earthquake potential
0
(10" Nm/yr)  (10'® Nm/yr) (10'® Nm) (M,,)
1 20.59+0.16 5.03 4.10 15.56 8.5
2 10.11+£0.12 3.70 2.74 6.42 8.0
3 18.4940.25 11.43 1.62 7.05 8.2

Table 3.8: Comparison of SeMR and GeMR for various sections corresponding to 35 km
seismic depth and 500 years of earthquake database length

. 3
Section M§ M} 1\};2 My Earthquake potential
0
(10" Nm/yr) (10'® Nm/yr) (10'8 Nm) (M,,)
1 24.02+0.19 5.03 4.78 18.99 8.6
2 11.80+0.13 3.69 3.20 8.11 8.1
3 21.234£0.30 11.43 1.86 9.80 8.3

Table 3.9: Comparison of SeMR and GeMR for various sections using the lower limit of
geodetic moment rates corresponding to 25 km seismic depth and 500 years of earthquake
database length

. . .g
Section (Mg ) A M; A]\/I[(; My Earthquake potential
min 0
(10'8 Nm/yr) (10'® Nm/yr) (10'3 Nm) (M,,)
1 17.03 5.02 3.39 12.00 8.5
2 8.33 3.69 2.26 4.64 7.9
3 16.52 11.41 1.45 5.11 8.1

Table 3.10: Comparison of SeMR and GeMR for various sections using the upper limit of
geodetic moment rates corresponding to 25 km seismic depth and 500 years of earthquake
database length

. 18
Section (Mé' ) M} AA//.II(; My Earthquake potential
max 0
(10'8 Nm/yr) (10'® Nm/yr) (10'3 Nm) (M,,)
1 17.29 5.02 3.44 12.26 8.5
2 8.53 3.69 2.31 4.84 7.9

3 16.96 11.41 1.49 5.54 8.1
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Table 3.11: Comparison of SeMR and GeMR for various sections using the lower limit of
geodetic moment rates corresponding to 25 km seismic depth and 900 years of earthquake
database length (dash in the last column denotes no seismic potential)

. . Mg
Section M§ M} ﬁg My Earthquake potential
0
(10'8 Nm/yr) (10'® Nm/yr) (10'8 Nm) (M,,)
1 17.16£0.13 5.02 342 12.13 8.5
2 8.43+0.10 9.37 0.89 -9.44 -
3 16.74+0.22 9.24 1.81 7.94 8.4

Table 3.12: Comparison of SeMR and GeMR for various sections using the lower limit of
geodetic moment rates corresponding to 25 km seismic depth and 200 years of earthquake
database length

Section M§ M} 1\72 My Earthquake potential
0
(10" Nm/yr)  (10'® Nm/yr) (10'8 Nm) (M,,)
1 17.16+0.13 0.82 20.95 16.34 8.1
2 8.43+0.10 3.69 2.29 4.74 7.9
3 16.74+0.22 8.88 1.88 7.86 8.1

* In western Nepal Himalaya, the results are broadly stable against the changes in
input parameters. The earthquake potential varies slightly from M,, 8.4 to M,, 8.6

when the seismogenic depth is changed from 20 km to 35 km (Tables 3.5-3.8).

* In central Nepal Himalaya, the estimates are mostly consistent, except when the
catalog length is considered to be 900 years (Tables 3.5-3.12). In case of 900-year
catalog length, this section has no earthquake potential, as released energy is higher
than the accumulated energy due to the inclusion of two large earthquakes, namely

the 1344 event and the 1100 event.

* In eastern Nepal Himalaya, the seismic moment budget estimates are generally
consistent. Particularly, the earthquake potential varies from M,, 7.9 to M,, 8.3,
when the seismogenic depth is changed from 20 km to 35 km (Table 3.5-3.8); as the
strain rate is relatively high in this section, GeMR increases rapidly with an increase

in seismogenic depth.
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* The seismic moment budget is not at all sensitive to the lower and upper limits of

GeMR (Table 3.9—- Table 3.10).

3.6 General uncertainties in the seismic moment budget

estimation

Apart from the points discussed above, there are several general types of uncertainties
related to the length and magnitude completeness threshold of the compiled catalog,
aseismic deformation, and the formulation used for calculating the seismic moment rate.
Although the overall magnitude completeness threshold for earthquakes from 1100-2022
is 4.0, the thresholds for historical, early instrumental, and modern instrumental periods
are 5.0, 5.5, and 4.0, respectively. As a consequence, there may be few missing small-
sized earthquakes during historical to early instrumental period. Nevertheless, the energy
release due to these missing events is comparatively small, resulting in almost similar
moment budget calculation. Similarly, in this analysis, aseismic deformation in the overall
strain accumulation is not accounted due to insufficient evidence of aseismic activity in
and around the Himalayan belt. This consideration aligns partially with several previous
research [10, 11, 16, 108, 216, 222] that reported a lack of substantial evidence for aseismic
activity in the Himalaya. However, it contradicts to the assumption of Stevens and Avouac
(2015) [73] who assumed that one-third portion of the moment buildup rate is aseismically

released.

Table 3.13: Comparison of SeMR and GeMR for various parameters in equation My =
10°Mw+4 along the Kumaun Himalaya

3
Changed ij' M} A];? M Earthquake potential
Parameter (10'® Nm/yr) (10'® Nm/yr) ’ (10'® Nm) (M,,)
c=1.48 7.94 0.26 30.54 7.68 8.2
c=1.52 7.94 0.47 16.89 7.47 8.0
d=9.0 7.94 0.28 28.35 7.66 8.1
d=92 7.94 0.44 18.05 7.50 8.0
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Table 3.14: Comparison of SeMR and GeMR for various parameters in equation My =
10°Mw+d along the western Nepal Himalaya

8
Changed Mg M} 1;.;2 My Earthquake potential
Parameter (10'® Nm/yr) (10'® Nm/yr) ’ (10'® Nm) (M,,)
c=1.48 17.16 3.45 4.97 13.71 8.6
c=1.52 17.16 7.31 2.35 9.85 8.3
d=9.0 17.16 3.99 4.30 13.17 8.6
d=9.2 17.16 6.32 2.72 10.84 8.4

Table 3.15: Comparison of SeMR and GeMR for various parameters in equation My =
10°Mw+d along the central Nepal Himalaya

8
Changed Mg M} % My Earthquake potential
Parameter (10'® Nm/yr) (10'® Nm/yr) ’ (10'® Nm) (M,,)
c=1.48 8.43 2.40 3.51 6.03 8.1
c=1.52 8.43 4.88 1.73 3.55 7.7
d=9.0 8.43 2.72 3.10 5.71 8.0
d=9.2 8.43 4.31 1.96 4.12 7.8

Table 3.16: Comparison of SeMR and GeMR for various parameters in equation My =
10°Mw+4 along the eastern Nepal Himalaya

8
Changed M M} % My Earthquake potential
Parameter (10'® Nm/yr) (10'® Nm/yr) ’ (10'® Nm) (M,,)
c=148 16.74 7.94 2.11 8.80 8.2
c=1.52 16.74 16.40 .02 0.34 7.1
d=9.0 16.74 9.06 1.85 7.68 8.1
d=92 16.74 14.37 1.16  2.37 7.6

Moreover, to estimate the seismic moment rate along the Kumaun and Nepal Himalaya,
empirical relationship defined in Equation 3.3.2 is utilized. Though this empirical relation,
linking moment magnitude (M,,) and seismic moment (M), was initially derived for the
western USA, it has been widely accepted across different regions globally, including
Greece [201] and the Himalayas [10, 89, 223-225]. Additionally, Bilham and Ambraseys

(2005) [113] formulated an empirical relationship between surface-wave magnitude (My)
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— 10(1.5Ms+9.1)

and seismic moment (Mp) as M for earthquakes in northern India, while

Hazarika and Kumar (2012) [225] established an empirical relation between local magni-

1.56M} +8.55)

tude (M) and seismic moment (M) as My = 10 . Considering these relations,

we estimated the uncertainties in the earthquake potential within the study area by varying
the parameters ¢ from 1.48 to 1.52 and d from 9.0 to 9.2 in the equation My = 10(cMw+d),
This variation yielded a range of earthquake potentials from magnitude 8.0 to 8.2 in the
Kumaun Himalaya, 8.3 to 8.6 in the western Nepal Himalaya, 7.7 to 8.1 in the central
Nepal Himalaya, and 7.1 to 8.2 in the eastern Nepal Himalaya when c is varied between
1.52 to 1.48 (Table 1). Similarly, varying d from 9.2 to 9.0 has resulted in earthquake
potentials varying from magnitude 8.0 to 8.1 in the Kumaun Himalaya, 8.4 to 8.6 in the
western Nepal Himalaya, 7.8 to 8.0 in the central Nepal Himalaya, and 7.6 to 8.1 in the
eastern Nepal Himalaya (Table 1).

In this chapter, the seismic moment budget and associated earthquake potential in the
Kumaun region and three distinct sections of the Nepal Himalaya are computed through
an area-based approach [10, 114]. This method aims to estimate seismic hazards, such
as the seismic moment budget and associated earthquake potential, across a geographical
region. It considers factors like historical seismicity and strain accumulation, evaluating
seismic moment budgets by assessing overall seismic activity and strain accumulation
within a defined area [10, 114].

In contrast to area-based approach, the fault-based earthquake potential focuses on
a singular fault, analyzing the likelihood of earthquakes along the identified fault line
[11, 12, 125]. This approach delves into fault characteristics like slip rates, geometry,
and accumulated stress to estimate the possibility of seismic events occurring on that
particular fault [11, 12, 125]. Since the MHT is recognized as the primary source of major
to great Himalayan earthquakes [11, 125, 226], the next chapter (Chapter 4) is dedicated
to evaluating the fault geometry and slip rate distribution of the MHT across the Kumaun
and Nepal Himalaya.

Furthermore, Chapter 4 computes the slip deficit rate and associated earthquake po-

tential of the megathrust MHT in the study region. As a whole, utilizing both area-based
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and fault-based approaches, Chapter 3 and Chapter 4 aim to provide a comprehensive
understanding of seismic hazards in terms of moment deficit rate and associated earthquake

potential along the Kumaun and Nepal Himalaya.

3.7 Summary

In this chapter, strain rate distribution and associated seismic moment budget along the
Kumaun and Nepal Himalaya are estimated. The estimated strain rate distribution from the
high-resolution integrated velocity field (Figures 2.19 and 2.23) is utilized to estimate the
geodetic moment accumulation and the earthquake dataset (Figure 2.27) is used to calculate
the seismic moment release along the Kumaun Himalaya and three various sections of the
Nepal Himalaya. In addition, calculated geodetic and seismic moment rates are compared
to re-assess the seismic moment budget and associated earthquake potential. Specifically,
the use of high-resolution integrated velocity field enables additional information for the
entire region to better comprehend in estimating strain rate field and associated earthquake

potential. The major findings of the chapter are listed below:

 The strain rate is not homogeneous over the Kumaun and Nepal Himalaya. Partic-
ularly, along the MCT, higher strain rates are observed and minimal strain rate is
observed along the MBT and MFT, indicating the locking behavior of these faults in

the study region.
* The moment deficit rate in the Kumaun area is as high as 7.64 x 10'8 Nm/yr.

* The estimated moment deficit rate suggests an earthquake potential of M,, 8.1 in the

Kumaun Himalaya.

* In the Nepal Himalaya, the moment deficit rates vary spatially within the regions.
The central Nepal Himalaya and eastern Nepal Himalaya exhibit moment deficit
rates equivalent to 4.74 x 10'® Nm/yr and 5.33 x 10'® Nm/yr, respectively. In
contrast, the western Nepal Himalaya stands out with a relatively higher moment

deficit rate, amounting to 12.13 x 10'® Nm/yr, compared to the other sections.
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* The estimated moment deficit rate suggests an earthquake potential of M,, 8.5 in

western Nepal, M,, 7.9 in central Nepal, and M,, 8.1 in eastern Nepal.

In this chapter, the seismic moment budget and earthquake potential in the Kumaun and
Nepal Himalaya are computed through an area-based approach [10, 114]. However, the
next chapter (Chapter 4) is dedicated to evaluating the fault geometry, slip rate distribution,
and associated earthquake potential of the MHT along the Kumaun and Nepal Himalaya
based on a fault-based approach to provide a comprehensive scenario of the seismic hazard

in the study region.
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Chapter 4

Analysis of Fault Kinematics along the

Study Area

“Earthquakes are the most unpredictable and highly complicated natural phenomena.

’

If you can prepare for earthquakes, you can prepare for anything.’

— Neil deGrasse Tyson

Spatial distribution of fault kinematics has a long-term scientific and societal importance.
To this end, the chapter aims to characterize fault parameters and associated earthquake
potential of the Main Himalayan Thrust (MHT) along the arc covering Kumaun-Nepal
region. For this, (i) the derived integrated velocity field and compiled earthquake data
are re-considered from Chapter 2; then, (i1) twenty arc-normal profiles to the MHT are
selected across the study region based on the velocity pattern; subsequently, (iii) the
spatial distribution of slip rates and fault geometry for the MHT is determined from a two-
dimensional Bayesian inversion model; then, (iv) a section-wise slip deficit rate, moment
deficit rate, and associated earthquake potential are computed based on the estimated slip
rate and seismic energy release; finally, (v) these fault-based moment deficit rates and
associated earthquake potential are compared with their corresponding area-based values
as mentioned in Chapter 3. Overall, the findings in this chapter inevitably contribute to the

improvement of seismic hazard evaluation along the study region.
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4.1 Introduction

Due to the convergence between Indian and Eurasian plates, several significant earthquakes
have occurred in the Himalaya along the locked part of the MHT, releasing accumulated
strain energy in its upper brittle segment [131, 227, 228]. Particularly, many historical
great Himalayan earthquakes, including the 1934 Nepal-Bihar, 1505 western Nepal, and
the 1100 A.D. central Nepal earthquake, are believed to have initiated in the transition
zone between locked and creeping parts, propagating through the mid-crustal ramp and
reaching to the surface at the MFT [8, 131, 229, 230]. In contrary, for the major Himalayan
earthquakes, such as the recent 2015 Gorkha earthquake that occurred in the highly coupled
brittle segment of the MHT, the surface ruptures do not reach up to the MFT [131, 231].
This phenomenon indicates that such incomplete rupture will eventually contribute to
future great earthquakes in the study region [131, 231]. In addition, for several decades, the
Kumaun and western Nepal Himalaya have been identified to be areas with a heightened
potential for future devastating earthquakes, as these regions are in a seismic quiescence
phase for the last few centuries [16, 99]. In fact, the seismic moment budget based on an
area-based approach outlined in Chapter 3 also highlights the importance of these regions
for seismic activities. As a result, modeling interseismic slip rate distribution and fault
kinematics is inevitable to understand the geometry of the MHT and associated seismic

potential along the study region.

In recent decades, geodetic methods for measuring ground deformation, notably GPS
and InSAR, have made significant strides in both temporal and spatial resolutions [232—
234]. Each of these techniques possesses distinct levels of precision. Using a multiple
of geodetic observations proves beneficial in defining fault parameters such as dip-angle,
fault depth, locking depth, and slip rate distributions beneath the Earth’s surface [235—
241]. These parameters are pivotal in evaluating potential earthquake hazards related to a
fault [242]. Previous studies over the last few decades [12, 16, 108, 111, 126, 127, 243,
244] have notably contributed to understanding the locking behavior of the MHT and the

creeping patterns observed along the lower edge of the Himalaya. However, delineating
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the spatial distribution of fault geometry and slip rates necessitates a high-resolution
velocity field, providing detailed insights at each location within the study area compared
to a standalone GPS velocity field. Therefore, using high-resolution integrated velocities
(obtained in Chapter 2), this chapter examines the spatial distribution of fault geometry
and associated slip rates along the downward extent of the MHT in the study region.
Using the velocity field, the spatial distribution of slip rates and fault geometry (i.e.,
dip-angle, fault depth, locking depth, rake angle and locked to creeping transition zone)
for the MHT is determined from a two-dimensional Bayesian inversion model. This
comprehensive analysis is conducted across 20 arc-normal profiles, as depicted in Figure
4.1. The resulting slip distribution pattern effectively emphasizes two key aspects: (i)
the identification of locked segments, as these locations are prone to future earthquakes,
and (ii) the recognition of interseismic creeping behavior that can impede the propagation
of seismic ruptures [73, 245-247]. Overall, the proposed approach enables a profound
understanding of the dynamic fault behavior and its implications for seismic hazard

assessment.

4.2 Spatial distribution of arc normal profiles

The megathrust MHT is often regarded as the primary source for large earthquakes along
the Himalayan seismic belt [5, 248]. However, the released elastic strain energy is
not uniform across the MHT. Particularly, in the study area, both seismic activity and
convergence rates exhibit spatial variations [5, 11, 12, 248]. For example, the convergence
rate inferred from geodetic measurements varies spatially, with higher convergence rates
in Kumaun and western Nepal in comparison to that of central and eastern Nepal [12, 73].
Similarly, the seismicity pattern exhibits spatial variation, with higher seismic activity
in central and eastern Nepal than in the Kumaun and western Nepal regions. Due to the
heterogeneity in energy accumulation and energy release in the study area, there have
been spatial variations in the estimated fault parameters and slip-rate for the MHT across
the study region [10, 12, 73, 108, 249]. Therefore, re-evaluating the spatial distribution

of fault kinematics and slip rates becomes essential in order to identify areas with a high
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potential of future earthquakes within the study region.

Figure 4.1: Location of all arc normal profiles along the Kumaun and Nepal Himalaya.
Abbreviations are as: MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT,
Main Central Thrust.

Several studies [e.g., 11, 12, 73, 90-92, 120] have estimated the fault characteristics
and slip rate over the Kumaun and Nepal Himalaya based on the GPS velocity field
(as discussed in Section 2.2.1). For example, Sharma et al. (2023a, 2023b) [125, 249]
calculated fault parameters over 12 arc-normal profiles in the northwest and central
Himalaya. Due to the sparse GPS resolution, the authors had to choose a non-uniformly
distributed profiles (varying spatial gap between two consecutive profiles) over the study
region. Therefore, a high-resolution integrated velocity field is preferable in choosing
uniformly distributed profiles over a defined region. This not only helps to determine spatial
distribution of fault kinematics in a comprehensive way but also allows to detect anomalous
regional deformation over a region. Therefore, using a high-resolution integrated velocity

field, the present analysis considers 20 uniformly arc-normal profiles over the study region.
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There are three arc-normal profiles across the Kumaun Himalaya (K1 to K3) and 17
profiles across the Nepal Himalaya (N1 to N17), as depicted in Figure 4.1. Table 4.1

provides a summary of the configuration for each profile.

Table 4.1: The projection parameter (coordinates, azimuth, strike, width, and length in
each arc-normal profile

Profile Longitude Latitude Azimuth Strike Width Length

(°E) (°N) ) () (km) (km)

K1 79.2087  29.2135  29.08  299.08 10 200
K2 79.5528  29.0586  28.03 298.03 10 200
K3 79.9297  28.8660  28.06  298.06 10 200
N1 80.3000  28.6552 2791 29791 10 250
N2 80.7300  28.4968 2631  296.31 10 250
N3 81.1000 28.2792 2555 29555 10 250
N4 81.5000 28.0675 2524 29524 10 250
N5 81.9100 27.8489 2434 29434 10 250
N6 82.4000 27.6891  22.87 29287 10 250
N7 82.9000 27.6300 2095 29095 10 250
N8 83.4300 27.6004 19.12 289.12 10 250
N9 83.8500 27.4341  18.61  288.61 10 250
N10 84.2600 27.1946  17.43 28743 10 250
NI1 84.7000  27.0496 1575  285.75 10 250
NI12 85.2300 269776 1479 28479 10 250
N13 85.6500 26.7421  13.58 283,58 10 250
N14 86.1200 26.4273 1144 28144 10 250
N15 86.6000  26.2552 8.94 27894 10 250
N16 87.1600  26.2615 6.35 27635 10 250
N17 87.6500  26.1905 3.55 27355 10 250

4.3 Methodology

While it is important to note that stress accumulation along the Himalaya can be influenced
by both elastic and inelastic processes, this chapter primarily focuses on characterizing
fault parameters, including slip rate, rake, dip angle, depth, surface fault location, and
locking depth, using a purely elastic Bayesian inversion model [5, 250]. The inversion is
conducted on integrated velocities extracted from 20 arc-normal velocity profiles to derive

fault slip rates and other fault parameters.
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Within each profile, the relative surface velocity field is calculated, with the south-
ernmost integrated velocity point serving as the reference. This relative velocity is then
decomposed into two primary components: the fault-normal and fault-parallel compo-
nents. The fault-normal component characterizes the surface velocity perpendicular to
the arc, addressing regional extension or compression effects. On the other hand, the
fault-parallel component reflects the horizontal velocity parallel to the arc, offering insights
into strike-slip displacements [251].

In the chosen inversion approach, a fault geometry is assumed to consist of a basal
detachment along with a fully locked zone, a locked-to-creeping transition zone, and a
creeping zone. This geometry extends from the surface trace of the MFT to the down-
dip end of the MHT (Figure 4.2) [11]. To ensure the stability of the inversion, a-priori
upper and lower bounds for each fault parameter are provided based on the previous
geological studies [2, 66, 84, 252-255]. If a parameter falls outside of these bounds, the
prior probability is set to zero. Within this framework, the locking depth is defined as
the portion of the fault plane with no slip (with lower and upper bounds of O km and 12
km, respectively). The locked-to-creeping transition zone encompasses the area where
the fault transitions occur from fully locked to creeping zone (with bounds ranging from
12 km to 22 km) (Figure 4.2). The creeping zone represents the deeper part of the fault
plane, where relatively significant slip rates occur. The boundary between the transition
zone and the creeping zone is delineated by a locking line, which ranges between 70 km
and 170 km from the surface trace of the MFT to the front of the Higher Himalaya along
the study region. Additionally, following the work of Lindsey et al. (2018) [11], the dip
angle for the MFT is estimated with prior bounds from 15° to 45°. Moreover, surface
locations, rake angles, and slip rates are inferred as part of the study. The slip rate of the
MHT is estimated with bounds ranging O to o based on the input geodetic observations.
To minimize edge effects in the dislocation model, a fault length of 5000 km is assumed
[256]. Slip rates are derived from observed geodetic data using the observation equation
below:

d=G(m)xs+e. (4.3.1)
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In the above equation, the Green function matrix is represented as G, while m corre-
sponds to a vector comprising various fault parameters, including dip, slip, length, width,
depth, rake, and fault surface location. Additionally, s is a vector specifically containing
strike-slip and dip-slip components of slip rate, and d corresponds to a vector encom-
passing surface velocities. The symbol € denotes normally (Gaussian) distributed errors

characterized by a mean of zero and a covariance of ¥ (i.e., €~ N(0,Y)).

Figure 4.2: Illustration of the single-fault model used in the study. The map includes key
fault parameters determined in this study. Abbreviations are as follows: X1, the surface
location of MFT; LD, the locking depth, FD, the fault depth, S1, the slip rate along the
transition zone; S2, the slip rate along the creeping zone, o, dip-angle of the MFT, and
LL, the locking line.

Moreover, a Bayesian inversion framework, as outlined by Fukuda and Johnson (2008)
[257], 1s applied to deduce the distribution of fault slip and various other fault parameters.
In a Bayesian approach, the posterior distribution, denoted as P(s, 52, m|d), is established
through numerous iterations of prior information, represented by P(s,m, 6), taking into
account how effectively the known parameters align with the observed data (likelihood

function). Mathematically, the posterior distribution can be expressed as follows:

p(d]s,m,Gz) X p(s,m,Gz)

P(s,0%,m|d) = '
(s,0%,m|d) fiop(d|s,M,02)><P(S7m762) dm ds doc?

4.3.2)

Since the integral part in the denominator of Equation 4.3.2 remains unaffected by the
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unknown parameters, the posterior distribution is directly proportional to the product of

the likelihood function and the prior information.

P(s,02,m|d) o< p(d|s,m,c?) x p(s,m,c?) (4.3.3)

The likelihood function, p(d|s,m,5?), based on observed geodetic data for a given
fault-slip, is formulated as a normal distribution with mean G(m) x s and covariance
matrix 62 Y. In this analysis, a-priori knowledge of the fault parameters is confined for
the regularization of Bayesian inversion based on the existing geological studies [2, 66,
84, 253-255]. To estimate the joint posterior distribution of fault parameters and fault
slip, a Markov Chain Monte Carlo (MCMC) method that incorporates the Metropolis
algorithm is employed [257]. A MATLAB code is developed to simulate the MCMC chain
of samples from prior and likelihood. A total of 10° iterations are performed for each
parameter in the posterior distribution. Among these iterations, the initial “n” samples
(20% of the total number of iterations) are removed as burn-in samples from the final
estimation [252, 258, 259]. These burn-in samples are considered initial values and can be
influenced by the initial coarse parameter estimates [252, 258, 259]. After discarding the
burn-in samples, the mean and standard deviation of the model parameters are calculated
[257]. The parameter estimates are represented using statistical descriptors derived from

their posterior distributions.

The posterior probability distribution (PPD) is a fundamental concept in Bayesian
statistics, representing the updated probability distribution of model parameters after
incorporating observed data and prior knowledge [260, 261]. Through iterative sampling,
MCMC algorithms aim to approximate this distribution by generating a series of parameter
values according to their likelihood [261, 262]. These samples from the posterior distribu-
tion allow us to estimate the most likely values of parameters and their uncertainty ranges.
Understanding this distribution is crucial as it provides insights into the likelihood of
different parameter configurations, allowing for comprehensive uncertainty quantification.

The importance lies in its ability to encapsulate the most probable values for parameters
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and their variability, guiding model calibration and aiding in decision-making processes
by offering a comprehensive view of the possible model parameter space [261, 262]. Ad-
ditionally, by providing an estimate of parameter uncertainty, it enables the interpretation
of the reliability of model predictions and the sensitivity of outcomes to the changes in
parameter values. The posterior probability distribution acquired through MCMC stands
as a pivotal element guiding informed inferences and decision-making within complex
models. In the subsequent sections, modeling results for the each profile in Kumaun and

Nepal Himalaya are presented.

4.4 Modeling results for fault kinematics and slip distri-

bution along Kumaun Himalaya

To estimate the fault kinematics of the MHT along the Kumaun Himalaya, the high-
resolution integrated velocity field obtained in Section 2.3.3.2 is utilized over three arc-
normal profiles K1, K2, and K3 (Figure 4.1). The used model, which encompasses these
three profiles, reveals a good agreement between the outcomes of the current inversion and
the observed integrated velocity field along the Kumaun Himalaya (Figures 4.3 to 4.5).

In the Kumaun Himalaya region, the fault parameters for the MFT as follows: dip angle
consistently ranges from 29.0° to 32.7°; locking depth falls within the range of 9.5+2.5
km to 10.2+1.3 km, and fault depth is approximately 12.24+0.2 km. Additionally, the
PPDs corresponding to these fault parameters exhibit an asymmetric distributional shapes
(Figures 4.3 to 4.5). The locking depth and fault depth estimates for MFT strongly suggest
that the position of the upper ramp of the MHT remains consistent within the Kumaun
Himalaya (Figures 4.3 to 4.5 and Table 4.2). However, it is important to note that the PPDs
of locking depth or fault depth may occasionally deviate from a Gaussian or unimodal
distribution in some profiles due to the inclusion of upper and lower bounds for these
parameters [125, 249]. Specifically, an upper bound of 12 km has been imposed on the
locking depth to ensure its physical feasibility. Without this constraint, the model may

generate PPDs with larger estimated locking depths compared to the fault depths. For
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Figure 4.5: Fault-normal, fault-parallel, and vertical velocities along the profile K3.
example, the model may suggest a locking depth of 17 km with a fault depth of 15 km.

Table 4.2: Modeled fault parameters along the Kumaun Himalaya

Profile Dip-angle of MFT  Fault depth Locking depth Surface location Locking line

©) (km) (km) (km) (km)
K1 29.03+5.16 12.11+£0.1 9.774+2.19 16.59+2.56 116.414+1.17
K2 31.13+4.35 12.54+0.38  9.484+2.46 12.96+£2.79 112.564+1.17
K3 32.72+2.53 12.09+£0.09  10.21£1.35 22.17+£1.63 110.1240.77
Profile Slip-rate at transition Slip-rate of MHT Rake angle of MFT Rake angle of MHT
zone (mm/yr) (mm/yr) ) @)
K1 2.9640.23 20.00+0.22 87.39+0.53 86.75+0.33
K2 2.2740.27 18.37+0.24 88.15£0.81 86.48+0.55
K3 2.624+0.22 18.88+0.16 96.72+0.66 88.89+0.26

Another noteworthy finding in this analysis concerns the locking line, which has been
defined to lie within a range of 70—170 km (based on prior bounds) from the surface trace

of the MFT (Figures 4.3 to 4.5 and Table 4.2). In the Kumaun Himalaya, the modeled
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locking line ranges from 110.14+0.8 km to 116.4£1.2 km from the surface trace of the
MFT. Additionally, the concentration of seismic events in the Kumaun Himalaya strongly
corresponds to the presumed locations of locking lines (Figure 4.11). The PPDs of the
locking line parameter, evaluated across all profiles, consistently display a Gaussian shape,

indicating its high degree of constraint (Figures 4.6 to 4.8).

(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.6: Posterior probability distributions for the inversion fault model in the K1
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.7: Posterior probability distributions for the inversion fault model in the K2
profile.

In this study, the estimation of the slip rate of the MHT is performed both along its
strike and in the down-dip direction. The results revealed that the slip rate along the
transition zone, spanning from the locked to creeping segments, falls within the range of
2.3+0.3 mm/yr to 2.9+0.2 mm/yr in the Kumaun region (Figures 4.3 to 4.5 and Table
4.2). Importantly, it is observed that the strike-slip component is almost negligible in the
region (Figures 4.3 to 4.5). This is probably due to the predominance of pure arc-normal

convergence, where the Indian plate converges directly toward the Tibetan Plateau in
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.8: Posterior probability distributions for the inversion fault model in the K3
profile.

this region [11, 12, 111, 265]. The absence of significant strike-slip motion may also be
attributed to a high rake angle of approximately 87°, indicative of a predominantly thrust
fault environment along the Kumaun Himalaya (Table 4.2). The slip rate of MHT across
the Kumaun Himalaya ranges from 20.0+0.2 mm/yr to 18.4+0.2 mm/yr (Figure 4.10).
The PPDs for the rake angle of MFT and MHT consistently exhibit a Gaussian shape,
highlighting the well-constrained nature of this parameter (Figure 4.3 to Figure 4.5). The

estimated slip rate of the MHT in the Kumaun Himalaya closely matches the findings of
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Figure 4.9: Bar chart illustrating a comparison of slip rates estimated in the current study
with those from previous studies [12, 89, 117, 125, 129, 130, 249, 263, 264] across various
sections of the study region.

Jade et al. (2014) [119] with a slip rate of 18.0+1.5 mm/yr, Ponraj et al. (2019) [89] with a
slip rate of 17.241.0 mm/yr, and Sharma et al. (2023a) [249] with a slip rate of 19.0+2.0

mm/yr (Figure 4.9).

4.5 Modeling results for fault kinematics and slip distri-

bution along Nepal Himalaya

To estimate fault kinematics along the Nepal Himalaya, the high-resolution integrated
velocity field obtained in Section 2.3.3.3 is utilized over 17 arc-normal profiles, specifically
N1 to N17 (Figure 4.1). The comprehensive model, which encompasses all profiles,
demonstrates a reasonable alignment between the results of the inversion and the observed

integrated velocity field (Figure 4.12 to Figure 4.28).

Within the Nepal Himalaya region, the fault parameters for the MFT are as follows:
dip angle ranges from 25.0° to 32.3°, with an average value of 29.5°; locking depth varies
from 6.243.4 km to 9.4+2.2 km, with an average value of 7.6 km and fault depth ranges
from 13.141.1 km to 14.3+18 km, with an average value of 13.6 km. Additionally, based
on the three sections of Nepal Himalaya as defined in Figure 3.9, the fault parameters

in each section are also provided. The dip angle of the MFT is estimated as 28.0° in
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Figure 4.10: Bar chart depicting the distribution of slip along the Main Himalayan Thrust
(MHT) across various geographical profiles along the Kumaun and Nepal Himalaya.

the western Nepal Himalaya, 30.5° in the central Nepal Himalaya, and 30.5° in the
eastern Nepal Himalaya, indicating a uniformity in the dip angle parameter across the
Nepal Himalaya. Similarly, the locking depth of the MFT is 7.8 km in the western
Nepal Himalaya and 7.5 km both in the central and eastern Nepal Himalaya, indicating a
uniformity in the estimation. On the other hand, the estimation of fault depth is consistent
throughout the Nepal Himalaya, with 13.7 km in the western Nepal Himalaya, 13.4 km in
the central Nepal Himalaya, and 13.5 km in the eastern Nepal Himalaya. Additionally, the
PPDs corresponding to these fault parameters exhibit an asymmetric distributional shapes

(Figures 4.12 to 4.28).
In addition to the parameters discussed above, another significant parameter in this

135



Chapter 4. Analysis of Fault Kinematics along the Study Area

Figure 4.11: Simulated locking line and background seismic activity along the study
region. The shaded blue band denotes the locking line.
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analysis involves the locking line, defined to lie within a range of 70 km to 170 km (based

on prior bounds) from the surface trace of the MFT. The modeled locking line positions in
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Figure 4.21: Fault-normal, fault-parallel, and vertical velocities along the profile N10.

Figure 4.22: Fault-normal, fault-parallel, and vertical velocities along the profile N11.
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Figure 4.23: Fault-normal, fault-parallel, and vertical velocities along the profile N12.
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Figure 4.24: Fault-normal, fault-parallel, and vertical velocities along the profile N13.
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Figure 4.25: Fault-normal, fault-parallel, and vertical velocities along the profile N14.
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Figure 4.26: Fault-normal, fault-parallel, and vertical velocities along the profile N15.
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Figure 4.27: Fault-normal, fault-parallel, and vertical velocities along the profile N16.
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Figure 4.28: Fault-normal, fault-parallel, and vertical velocities along the profile N17.

144



4.5. Modeling results for fault kinematics and slip distribution along Nepal Himalaya

Table 4.3: Modeled fault parameters along the Nepal Himalaya

Profile Dip-angle of MFT  Fault depth Locking depth Surface location  Locking line
) (km) (km) (km) (km)
N1 26.45+5.51 14.294+1.75 6.58+3.44 35.474+2.86 109.73+6.45
N2 26.25+2.78 13.32+0.31 8.654+1.03 37.92+1.76 113.9+£2.28
N3 30.56£5.70 13.631+0.58 6.43£2.33 42.01£1.35 114.61+2.42
N4 31.3745.20 13.83+0.79 7.57+1.87 32.2941.99 136.148.85
N5 30.14£+4.90 13.66+0.67 7.00£2.59 27.45+1.70 135.04+£8.15
N6 26.284+3.38 13.32+0.32 8.99+1.06 6.14+1.49 125.88+1.87
N7 24.95+2.00 13.96+1.01 9.254+0.81 16.46+1.35 135.16+5.46
N8 27.62+4.04 13.69+0.69 9.36£1.59 9.93+£2.29 114.12+12.21
N9 31.31+4.80 13.2840.30 6.74+3.47 5.9942.32 108.61+1.88
N10 32.30+£4.97 13.294+0.29 6.99+3.45 22.474+2.22 100.44+2.80
NI11 30.83+5.29 13.4240.42 6.83+3.25 29.5442.92 113.57+2.32
NI12 31.05+4.86 13.4440.43 7.68+2.45 25.304+2.20 125.19+£3.09
N13 31.09+4.65 13.13+£1.10 9.324+2.19 41.514+1.98 129.2946.29
N14 30.36+4.59 13.60+0.72 8.28+2.81 53.244+6.19 114.214+10.04
N15 30.33+5.59 13.31£1.25 6.23+3.38 41.934+1.76 131.25+6.25
N16 28.88+4.79 14.23+1.73 7.32£3.47 60.07+2.35 146.63+23.72
N17 31.73£4.96 13.31+1.20 6.32+3.38 62.86+2.34 153.10+4.67
Profile Slip-rate at transition  Slip-rate of MHT Rake angle of MFT  Rake angle of MHT
zone (mm/yr) (mm/yr) ©)
N1 2.07£0.89 17.73+0.52 95.934+1.40 93.974+0.36
N2 3.38+0.92 16.594+0.27 93.91+1.34 86.70+£0.42
N3 2.53+1.11 15.43+0.26 90.73+£1.13 89.54+0.36
N4 1.9040.98 15.8740.67 90.314+2.47 92.58+1.28
N5 1.76+0.75 16.58+0.55 89.36+1.26 92.9240.72
N6 1.78+0.64 13.00+0.28 95.95+1.04 89.53£0.55
N7 2.04+1.13 13.55£3.40 101.3448.31 89.72+1.77
N8 2.38+0.50 13.5940.77 93.914+2.40 90.454+0.96
N9 2.954+0.38 14.62+0.29 88.30+0.82 89.371+0.39
N10 2.3240.32 13.9240.66 89.14£1.40 88.97£0.60
NI11 2.4340.64 13.184+0.29 92.9440.81 91.51+0.37
N12 1.71+0.78 12.0640.35 103.13+£1.50 90.09+0.59
N13 1.70+0.62 11.804+0.99 105.18+3.08 90.00+0.83
N14 1.30+0.59 14.93+0.43 89.82+3.14 87.51+0.73
NI15 1.3940.77 13.8540.65 90.92+1.24 90.1940.60
N16 1.54+1.47 9.93+1.88 90.39£8.02 90.911+0.92
N17 1.394+1.89 11.90+1.01 88.85+1.96 88.73£1.34

the Nepal Himalaya range from 100.442.8 km to 153.1£4.7 km across all profiles, and

the PPDs consistently exhibit Gaussian shapes, confirming a high level of constraint for

this parameter within the scope of this study (Figures 4.29 to 4.45). Notably, the estimated
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.29: Posterior probability distributions for the inversion fault model in the N1
profile.

locking line in the Nepal Himalaya closely corresponds to the assessments by Diao et al.
(2022) [132] and Lindsey et al. (2018) [11]. Moreover, the clustering of seismic activity
along the Nepal Himalaya, particularly at the Higher Himalaya’s front, closely aligns with
the inferred locking line locations (Figure 4.11) [12, 181, 230]. This correlation implies a
potential relationship between interseismic strain accumulation at the creeping zone’s tip

and seismicity in the Nepal Himalaya [181, 230].

The estimation of the MHT’s slip rate is a crucial parameter over the Nepal Himalaya,
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.30: Posterior probability distributions for the inversion fault model in the N2
profile.

serving as a primary input in seismic hazard analysis. The findings indicate a consistent
slip rate within the transition zone, ranging from 1.3+0.6 mm/yr to 3.4+0.9 mm/yr across
the Nepal Himalaya (Figures 4.12 to 4.28 and Table 4.3). Strike-slip motion along the
Nepal Himalaya is negligible, attributed to the dominant arc-normal convergence of the
Indian plate towards the Tibetan Plateau. The high rake angle of approximately 90°
supports the predominantly thrust fault environment in the Nepal Himalaya (Figure 4.10

and Table 4.3). The average long-term slip rate of the MHT over the Nepal Himalaya
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.31: Posterior probability distributions for the inversion fault model in the N3
profile.

is 14.2+0.8 mm/yr, decreasing from the western Nepal Himalaya to the eastern Nepal
Himalaya (Table 4.3). This estimation of slip rate over the Nepal Himalaya is close to the
estimated values of 15.0£2.4 mm/yr suggested by Lindsey et al. (2018) [11] and 15.2+2.3
mm/yr suggested by Sharma et al. (2023b) [125], but lower than the estimated values
of 17.8£0.5 mm/yr in Ader et al. (2012) [12], 18.84+1.6 mm/yr in Diao et al. (2022)
[132], and 19.44+1.4 mm/yr in Stevens and Avouac(2015) [73]. As a section-wise slip

rate estimation, the values are estimated at 15.5 mm/yr in the western Nepal Himalaya,
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.32: Posterior probability distributions for the inversion fault model in the N4
profile.

13.8 mm/yr in the central Nepal Himalaya, and 12.4 mm/yr in the eastern Nepal Himalaya
(Figure 4.10). Figure 4.9 presents a segment-wise comparison of slip rates estimated in this
analysis with the corresponding values from previous studies. To note, the PPDs for rake
angle and slip rate of MFT and MHT consistently exhibit Gaussian shapes, reaffirming a

well-constrained nature of these parameters (Figures 4.29 to 4.45).
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.33: Posterior probability distributions for the inversion fault model in the N5
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.34: Posterior probability distributions for the inversion fault model in the N6
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.35: Posterior probability distributions for the inversion fault model in the N7
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.36: Posterior probability distributions for the inversion fault model in the N8
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.37: Posterior probability distributions for the inversion fault model in the N9
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.38: Posterior probability distributions for the inversion fault model in the N10
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.39: Posterior probability distributions for the inversion fault model in the N11
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.40: Posterior probability distributions for the inversion fault model in the N12
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.41: Posterior probability distributions for the inversion fault model in the N13
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.42: Posterior probability distributions for the inversion fault model in the N14
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.43: Posterior probability distributions for the inversion fault model in the N15
profile.
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4.5. Modeling results for fault kinematics and slip distribution along Nepal Himalaya

(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.44: Posterior probability distributions for the inversion fault model in the N16
profile.
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(a) Dip-angle of MFT (b) Fault depth (c) Locking depth
(d) Surface location (e) Locking line (f) Slip-rate at transition zone
(g) Slip-rate of MHT (h) Rake angle of MFT (i) Rake angle of MHT

Figure 4.45: Posterior probability distributions for the inversion fault model in the N17
profile.

In summary, the Kumaun Himalaya exhibits consistent fault parameters, with dip
angles ranging from 29.0° to 32.7°, locking depths between 9.5£2.5 km and 10.2£1.3
km, and fault depths approximately 12.2+0.2 km. Notably, the modeled locking line
positions fall within 110.1£0.8 km to 116.4+1.2 km from the surface trace of the MFT.
The slip rate of the MHT across the Kumaun Himalaya ranges from 20.04+0.2 mm/yr to

18.4+0.2 mm/yr. Similarly, in the Nepal Himalaya, fault parameters are estimated across
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distinct sections. In the western Nepal Himalaya, the MFT dip angle is estimated as 28.0°,
with locking depth and fault depth of 7.8 km and 13.7 km, respectively. In the central
Nepal Himalaya, the dip angle is 30.5°, with locking depth and fault depth of 7.5 km and
13.4 km, respectively. Modeled locking line positions span between 100.4+2.8 km to
153.14£4.7 km from the surface trace of the MFT. Slip rates of the MHT vary within each
section, namely 15.5 mm/yr in the western Nepal Himalaya, 13.8 mm/yr in the central
Nepal Himalaya, and 12.4 mm/yr in the eastern Nepal Himalaya. Overall, these findings
offer valuable insights into fault kinematics and slip distribution as sought in the seismic

hazard analysis and understanding tectonic dynamics in the Kumaun-Nepal Himalaya.

Table 4.4: Misfit test for the implemented inversion model

Profile Rmisfit Rnorm
K1 0.9355 0.3282
K2 0.6135 0.2144
K3 0.6834 0.2194
N1 0.8924 0.2781
N2 0.4839 0.1375
N3 0.5404 0.1712
N4 0.8321 0.3320
N5 0.7852 0.3548
N6 0.6567 0.2888
N7 1.1049 04172
N8 0.8456 0.3419
N9 0.5786 0.2349
NI10  0.7029 0.2689
NI11 04919 0.2118
N12 0.5301 0.2372
N13  0.8618 0.4065
N14 09164 0.2790
N15 1.0104 0.4709
N16 0.7210 0.6181
N17  0.5426 0.5513

In addition, to assess the robustness and accuracy of the Bayesian inversion model, the
root-mean-square misfit (Rmisfit) and normalized misfit (Rnorm) are calculated for each

profile. The Rmisfit values, ranging from 0.48 to 1.10 (Table 4.4), indicate the overall
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discrepancy between observed and predicted velocities. Meanwhile, the Rnorm values,
lying between 0.14 and 0.62 (Table 4.4), represent the normalized misfit, highlighting
the relative agreement between observed and predicted velocities normalized by the
observation errors. The calculated Rnorm and Rmisfit values across multiple profiles show
an insignificantly small difference between observed and predicted velocities. Overall,
these findings highlight the model’s accuracy in depicting the observed velocity field,

validating its suitability for understanding fault behaviors in the region.

4.6 Implication of seismic hazard in the Kumaun-Nepal
Himalaya

In the previous sections of this chapter, the distribution of slip rates along the MHT is
provided, offering valuable insights into the region’s long-term deformation and seismic
activity potential. In this section, earthquake potential across the study area is calculated
by deriving moment rates from the slip deficit rate of the MHT in both Kumaun Himalaya

and various sections (as described in Figure 3.9) of the Nepal Himalaya.

The estimated slip rates along the locked-to-creeping transition zone of the MHT in
Kumaun Himalaya, western Nepal Himalaya, central Nepal Himalaya, and eastern Nepal
Himalaya are as follows: 2.6 + 0.4 mm/yr, 2.2 £ 0.9 mm/yr, 2.5 £ 0.5 mm/yr, and 1.5
+ 1.0 mm/yr, respectively (Tables 4.2 and 4.3). The differences between the slip rates
observed along the transition zone and the creeping zone enable us to calculate the slip
deficit rate along the MHT. The analysis reveals a slip deficit rate of approximately 16.5
mm/yr in Kumaun Himalaya, 13.3 mm/yr in western Nepal, 11.3 mm/yr in central Nepal,
and 10.9 mm/yr in eastern Nepal. These values signify that the accumulated slip is yet
to be released along the MHT in each respective region. Estimating the slip deficit rates
provides valuable insights into the potential for future seismic activity and the associated

seismic hazard in the locked segments of the MHT.

The estimation of moment deficit rate of the MHT is determined by the following
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Table 4.5: Slip-deficit rate and earthquake potential along the Kumaun and Nepal Himalaya

Sections of  Slip-deficit rate Moment deficit rate  Earthquake

Himalaya (mm/yr) (10'8Nm/yr) Potential M,,
Kumaun 16.5 4.96 8.3
Western Nepal 13.3 11.74 8.5
Central Nepal 11.3 5.31 8.2
Eastern Nepal 10.9 8.07 8.0
equation:
My = uDA. (4.6.1)

In the above equation, u represents the assumed shear modulus with a value of
3 x 109N /m?, D is the slip deficit rate, and A denotes the specified area. By multiplying
the fault length, estimated depth of MHT in each segment, and estimated slip deficit rate,
the moment build-up rate for each section is computed (Table 4.5). The length of the MHT
in each section approximately corresponds to the geographical extent of that particular
section and the depth of the MHT in each section is determined by averaging the modeled

depth from each transect within the respective section (Tables 4.2 and 4.3).

The accumulated moment deficit rates along the Kumaun Himalaya, western Nepal
Himalaya, central Nepal Himalaya, and eastern Nepal Himalaya are 4.96 x 10'® Nm/yr,
11.74 x 10'8 Nm/yr, 5.31 x 10'8 Nm/yr, and 8.07 x 10'® Nm/yr, respectively. Considering
an estimated seismic cycle duration of approximately 500 years for a great Himalayan
earthquake [73, 89], the earthquake potential is evaluated for each section of the study
region. The moment deficit rate observations indicate an earthquake potential of M,, 8.2 in
the Kumaun Himalaya, M,, 8.4 in western Nepal, M,, 8.2 in central Nepal, and M,, 8.3 in
eastern Nepal (Table 4.5). In summary, the earthquake potential estimates ranging from
M,, 8.2 to M,, 8.4 in this study align with the earthquake magnitude range outlined by
Bilham (2019) [5].
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4.7 Comparison of area-based and fault-based moment

deficit and earthquake potential in the study region

Comparing the moment deficit rates and earthquake potentials derived from different
methodologies is crucial due to the multifaceted nature of seismic hazard assessment.
Such a comparison helps to validate the robustness and reliability of each approach by
examining the consistency or inconsistency in their outcomes. In the Chapter 3, an area-
based approach was introduced, which evaluates the seismic budget by considering the
overall seismic activity and strain accumulation within a specific section/area. Conversely,
the fault-based approach focuses on fault characteristics, such as slip rates, geometry, and
the stress build-up along a specific fault segment to calculate the likelihood of seismic

occurrences exclusive to that fault.

The comparison between moment deficit rates from the area-based and fault-based
approaches reveals different perspectives on seismic strain accumulation. The area-based
approach in Kumaun Himalaya approximates a moment deficit rate of 7.59 x 10'8Nm/yr,
while the fault-based analysis suggests a relatively lower rate, approximately 4.96 x
10'8Nm/yr. However, both methodology suggest significant amount of stress accumu-
lation in the western Nepal Himalaya. In the western Nepal Himalaya, the area-based
analysis suggests a moment deficit rate of 12.13 x 108 Nm/yr, slightly lower than the
fault-based estimation of approximately 11.74 x 10'8Nm /yr. With the minor variance,
both methodologies suggest a consistent trend in stress accumulation within the western
Nepal Himalaya. In case of central Nepal Himalaya, both approaches provide closely
aligned estimates, with the area-based assessment suggesting a moment deficit rate of
approximately 4.74 x 10'8Nm /yr and the fault-based analysis yielding a value of approxi-
mately 5.31 x 108 Nm /yr. Along the eastern Nepal Himalaya, the area-based assessment
predicts a moment deficit rate of approximately 5.33 x 10'8Nm /yr, while the fault-based

approach estimates a relatively higher value at around 8.07 x 10'8Nm /yr.

The above variation in the moment deficit rates results into different order of earthquake
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potential across distinct sections of the study area. For instance, there is an earthquake
potential of M,, 8.1 and M,, 8.2 in the Kumaun Himalaya corresponding to the area-based
and fault-based approaches, respectively. Similar figures for the western Nepal are M,,
8.5 and M,, 8.4, respectively; for the central Nepal, these values are M,, 7.9 and M,, 8.2,
respectively; for the eastern Nepal, there is a potential of M,, 8.1 and M,, 8.3, respectively.
Overall, each section of the study area reveals the potential of a future great earthquake.
To note, there have been some discrepancies in the area-based and fault-based earthquake
potential estimation. This is mainly due to two factors: (i) inconsistency between area-
based and fault-based moment deficits (as discussed above) and (ii) the consideration
of time-span for moment accumulation in area-based and fault-based approaches. For
example, in the Kumaun Himalaya, a catalog length of 200 years was considered in the

area-based computation, whereas it was 500 years in the fault-based calculation.

4.8 Summary

Using a high-resolution integrated velocity field and a Bayesian inversion fault model,
this chapter has presented the fault geometry and slip partitioning of the MHT over 20
arc-normal profiles across the Kumaun-Nepal Himalaya. In the chosen inversion approach,
a fault geometry is assumed to consist of a basal detachment along with a fully locked
zone, a locked-to-creeping transition zone, and a creeping zone. The analyses yield to the

following findings:

1. In the Kumaun Himalaya, the dip angle, locking depth, and fault depth for the MFT
are 31°, 9.8 km, and 12.3 km, respectively. In western Nepal, these values are 28°,
7.8 km, and 13.7 km, while in central Nepal, they are 30.5°, 7.5 km, and 13.4 km.
Similarly, in eastern Nepal, the corresponding values are 30.5°, 7.5 km, and 13.5

km.

2. The long-term slip rate of the MHT is 19.1 mm/yr in the Kumaun Himalaya, 15.5
mm/yr in the western Nepal Himalaya, 13.8 mm/yr in the central Nepal Himalaya,

and 12.4 mm/yr in the eastern Nepal Himalaya.
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3. The determined slip rate of the MHT corresponds to a slip deficit of 16.5 mm/yr in
the Kumaun Himalaya, 13.3 mm/yr in the western Nepal Himalaya, 11.3 mm/yr in

the central Nepal Himalaya, and 10.9 mm/yr in the eastern Nepal Himalaya.

4. The observed slip-deficit rate across the study region implies an earthquake potential
of M,, 8.2 in the Kumaun Himalaya, M,, 8.4 in the western Nepal Himalaya, M,, 8.2

in the central Nepal, and M,, 8.3 in the eastern Nepal Himalaya.

5. Overall, the findings regarding earthquake potentials from Chapter 3 and Chapter
4 suggest that each section of the study area has the potential to produce large

earthquake(s), which could have catastrophic impacts on the human population.

In summary, the utilized Bayesian inversion model for fault analysis in this study offers
a comprehensive analysis of the fault kinematics and slip distribution pertaining to the
MHT across the study region. Consequently, this makes a substantial contribution towards

enhancing the time-dependent seismic hazard analysis.
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Chapter 5

Seismicity Statistics in the

Kumaun-Nepal Himalaya

“Earthquake forecasting may never be perfect, but it has the potential to significantly

reduce the impact of seismic events on communities.’

—Thomas Jordan

Unlike the previous chapters (Chapters 3 and 4) that analyze the seismic hazards along the
Kumaun-Nepal using geodetic methods, the present chapter has carried out statistics based
empirical earthquake hazard estimation. Essentially, this chapter performs earthquake
forecasting based on interevent times and earthquake nowcasting based on interevent
counts (natural times) in the study region. To employ earthquake forecasting, (i) the
compiled earthquake data is re-considered from Chapter 2; then, (ii) the interevent time
of successive large events (M,, > 6.5) is modeled from several reference probability
distributions and finally, (iii) the conditional probability of large events and associated
hazard function curves are derived for a set of elapsed and residual times. On the other
hand, to perform seismic nowcasting, (i) “natural time” counts, counts of 4.0 < M,, <
6.0 earthquakes between two successive large events (M,, > 6.0), are tabulated; then,
(i1) natural time seismicity statistics is derived through several reference probability

distributions and finally, (iii) the current progression of regional earthquake cycle is
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calculated at several city regions in terms of earthquake potential score (EPS). Overall,

the findings from Chapters 3 to 5 provide a comprehensive seismic hazard analysis in the

study area using both geodetic and statistical models.
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5.1. Introduction

5.1 Introduction

With the increasing population, urbanization and economic development, the occurrence
of large earthquakes has a long lasting impression. The knowledge of temporal properties
of these damaging earthquakes in a geographic region is a crucial factor in earthquake
hazard quantification and associated disaster mitigation [191]. Statistical methods are
often preferred for a quantitative assessment of the temporal properties. These methods
inherently account for all possible random variations present in earthquake data. As
the earthquake modeling often entails significant uncertainty and variability regarding
magnitude, epicentral location, focal depth, and other factors [266—268], probabilistic
approaches tend to offer a more realistic representation compared to deterministic ones
[269]. Additionally, earthquake catalogs can differ depending on the seismic database
source (e.g., ISC, IMD, USGS, and GCMT). Thus, applying a multitude of probability

models to the same catalog may help mitigate the impact of inherent data variations.

Statistical properties of earthquake interevent times have long been the topic of in-
terest to seismologists and earthquake professionals mainly for hazard related concerns.
Traditionally, it has been assumed that the number of earthquakes in a fixed time interval
follows a Poisson distribution, suggesting that the interevent times must follow the time-
independent exponential distribution [270, 271]. However, due to the “memoryless” nature
of the exponential model, recent studies have considered a variety of time-dependent
models to examine the recurrence statistics of large earthquakes [183, 184, 271]. In fact, as
earthquake occurrence is influenced by dynamic factors, such as aftershocks, foreshocks,
and seismicity clusters that evolve over time, employing time-dependent models would be
crucial to accurately capture and predict seismic activity patterns [272, 273]. Additionally,
previous studies [183, 184, 271] assume that the occurrence of large events (mainshocks)
in a spatial region is consistent with a random process. As a consequence, the dependent
events, such as foreshocks and aftershocks, are commonly removed from the earthquake
records to produce a sequence of random sample [274]. Then, the interevent time statistics

and associated long-term (10-30 years) large earthquakes’ occurrence probability values
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can be derived through the observed sample data. Thus, the present analysis focuses on
the interoccurrence time between successive M,, > 6.5 events in the seismically active
Kumaun-Nepal Himalaya and its adjacent regions that host a population of more than 50
million people. Using time-independent, time-dependent, heavy-tailed, and exponentiated
models, the study not only estimates the cumulative probability of M,, > 6.5 events, but
also generates a series of hazard function curves for various combination of elapsed times
(time elapsed since the last large earthquake) and residual times (time to a future large
earthquake).

On the other hand, earthquake nowcasting based on discrete time series utilizes the
cumulative counts of small events between large earthquakes to mark the evolution of
the system, rather than the passage of clock time [275-277]. Initially emerging from
economics and climate science domains, the nowcasting methodology has recently gained
traction in seismology and disaster science, particularly where the dataset of interest ex-
hibits a typical frequency-size power-law distribution [15, 184, 278—282]. This approach
is developed through two fundamental concepts: the stochastic nature of large earthquakes
(earthquake cycle) and the seismicity statistics of interspersed small event counts (natural
times) within a defined fault system [276]. Natural time analysis encompasses all seis-
mic events, including foreshocks, aftershocks, and triggered events, to derive ensemble
seismicity statistics in the study area. Assuming that the entire study region adheres to a
unified driven threshold system, natural time analysis demonstrates space-time invariance
[282-285]. Since its inception in 2016, the seismic nowcasting approach has been applied
in various countries, such as the United States, India, Indonesia, Iran, Bangladesh, and
Pakistan, to assess the current state of regional earthquake hazard [184, 278, 279, 282,
286, 287], to analyze induced seismicity [283], to explore spatiotemporal clustering in
global seismicity [285], and to evaluate risk exposure from significant global earthquakes
or megatsunamis [15]. Several recent studies have shed light on the possible connection of
nowcasting with earthquake forecasting and plate tectonics using, for example, natural
time Weibull projection, slider-block toy model, space—time clustering behavior of bursts

of small earthquakes and time-dependent earthquake cycle analysis through machine
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learning [15, 277, 280].

In light of the above, the present chapter has carried out probabilistic earthquake
recurrence modeling and natural time analysis to estimate the conditional probability of
large-sized earthquakes and the current state of developing earthquake cycle at several city
regions, respectively. A step-by-step procedure of earthquake interevent and nowcasting

techniques is provided in the following sections.

5.2 [Earthquake interevent time-modeling along Kumaun-

Nepal Himalaya

This section offers a comprehensive account of earthquake interevent time modeling in the
study region, encompassing detailed descriptions of the earthquake dataset, methodology,

and associated results.

5.2.1 Earthquake data

Kumaun-Nepal and its adjacenent regions have a long history of large earthquakes. For the
present analysis, the earthquake data of M,, > 6.5 events are considered from 1800 through
2023 from the earthquake dataset compiled in Chapter 2. The catalog, both homogenized
and complete, comprises 28 events with magnitude M,, > 6.5. The geographical location of
epicentre, earthquake depth, event size (magnitude), and time of occurrences of these large
earthquakes are mentioned in Table 5.1. The catalog, however, contains dependent events,
such as foreshocks and aftershocks, which must be identified and subsequently removed
to adhere to the assumption of independent sequence of earthquake point processes in
the study region [271]. For this, the dependent events are classified using a space-time
window approach which states that any event in the proximity of another larger event in
both space and time should be treated as a dependent event [288]. Moreover, realizing
the earthquake-size dependency in aftershocks, a dynamic space-time window method is
considered with a more conservative choice [184, 289]. After examining several distance

and time windows in producing robust and consistent conclusions to remove dependent
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events, 60 days are added/subtracted to the time window, and 15 km to the distance
window of Uhrhammer (1986) [289] relations. Therefore, the search radius for earthquake

declustering is considered as

r=exp(—1.024+0.804M,,) + 15 (5.2.1)

and the time window as

t = exp(—2.870+ 1.235M,,) + 60. (5.2.2)

Based on the above space-time window, four events (~14%) are marked as dependent
events, including one aftershock of the October 1944 event (M,, 6.8) and three aftershocks
of the 2015 Gorkha (M,, 7.8) earthquake. Without dependent events, the catalog finally
contains 24 large events (Table 5.1 and Figure 5.1), producing 23 interevent times for
further analysis.

After declustering, a magnitude-frequency-based visual cumulative test is employed to
analyze time-completeness of the present catalog [274, 290]. For this, first the cumulative
number of earthquakes versus occurrence times plot is obtained, followed by a linear fit to
the data through least-squares regression [184]. It is observed that a near-perfect linear
trend is present with R?> =0.94 (Figure 5.2). Therefore, the present catalog (Table 5.1)
is deemed to be time-complete, indicating that earthquake rates and moment releases in
the Kumaun-Nepal Himalaya are consistent over sufficiently longer time period. In the
subsequent section, a step-by-step methodology and corresponding results of earthquake

interevent time analysis are presented.

5.2.2 Methods and results

The principal task in earthquake forecasting is to investigate the best-fit probability dis-
tribution for seismic recurrence time between successive large earthquakes in the study
region. Such inter-occurrence time analysis is commonly used to characterize long-term

earthquake hazard in terms of occurrence probability. It is assumed that the observed
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Figure 5.1: Spatial distribution of large earthquakes (M,, > 6.5) in the Kumaun-Nepal
Himalaya and its adjacent regions (Table 5.1). Red stars indicate the location of the 1934
Bihar-Nepal event (M,, 8.0) and the most recent 2015 Gorkha event (M,, 7.8); MFT —
Main Frontal Thrust.
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Figure 5.2: The cumulative number of earthquakes of magnitude M,, > 6.5 (as listed in
Table 5.1) versus occurrence times plot in the study region during 1800-2023.
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Table 5.1: Focal parameters of M,, > 6.5 events in Kumaun-Nepal Himalaya and its
neighboring areas during 1800-2023

S. No. Date Latitude Longitude Focal Depth Magnitude  Data
(°N) (°E) (km) (in M,,) Source
1 01-09-1803 31.5000  79.0000 - 7.5¢ A&
2 26-08-1833 27.5000  86.5000 - 7.4 IMD?
3 01-05-1852 27.0000  88.3000 - 6.9 IMD
4 23-05-1866 27.0000  85.0000 - 6.9 IMD
5 14-07-1885 24.0000  90.0000 - 6.9 IMD
6 12-06-1897 25.9000  91.0000 - 7.9 IMD
7 13-12-1902  30.0000  85.0000 - 6.6 IMD
8 14-10-1911 30.7593  80.2794 20.0 6.5” ISC3
9 06-03-1913 30.2010  81.9290 15.0 6.5¢ USGS*
10 03-12-1915 27.6997 91.6401 15.0 6.6¢ ISC
11 28-08-1916 29.7300  80.7454 20.0 7.0 ISC
12 08-07-1918 24.5990 90.8528 15.0 7.1¢ ISC
13 09-09-1923 249372 90.7207 15.0 6.9¢ ISC
14 02-07-1930 25.9288  90.1765 15.0 7.0¢ ISC
15 15-01-1934 26.8847  86.5885 15.0 8.0¢ ISC
16  27-05-1936 28.3969 83.3110 15.0 6.9¢ ISC
17 17-10-1944 31.2656  83.1143 20.0 6.8¢ ISC
29-10-1944 31.0080  83.1600 20.0 6.5¢ USGS
18  29-07-1980 29.5800  81.0481 17.5 6.5¢ ISC
19  20-08-1988 26.7162  86.6247 58.1 6.8¢ ISC
20 19-10-1991 30.7560  78.7907 16.1 6.8¢ ISC
21 28-03-1999 30.3635  79.3354 23.8 6.5¢ ISC
22 25-08-2008 30.9704  83.6411 23.9 6.7¢ ISC
23 18-09-2011 27.8039  88.1536 29.6 6.9¢ ISC
24 25-04-2015 28.1302  84.7168 13.4 7.9¢ ISC
25-04-2015 28.1603  84.8433 14.7 6.7¢ ISC
26-04-2015 27.7365 85.9788 13.4 6.7¢ ISC
12-05-2015 27.8014  86.1260 12.3 7.24 ISC

'A&J: Ambraseys and Jackson (2003) [3],2IMD: Indian Meteorological Department,
3ISC: International Seismological Centre, “USGS: United States Geological Survey.
Conversion to moment magnitude by: “ Ambraseys and Douglas (2004) [6], bpasari (2018)
[184], moment magnitude values directly obtained from “‘USGS and dGCMT (Global
Centroid Moment Tensor) catalog.

interevent times exhibit no correlations among them, and they constitute a random sam-

ple corresponding to a positive continuous random variable [271]. Under this set up,
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the adopted methodology has three primary steps: choice of reference probability dis-
tributions, statistical inference involving estimation and model testing, and estimating
conditional probability for a future earthquake. In the first step, a set of 13 reference
probability distributions are chosen based on previous studies and highlight their important
characteristics in data analysis. In the second step, the maximum likelihood estimation
(MLE) method is used to infer model parameters based on the available sample data. The
estimated parameters’ confidence bounds through Fisher information and Cramer-Rao
lower bound are examined, whereas the performance of the applied distributions are tested
using three model selection approaches, namely the Akaike Information Criterion (AIC),
Kolmogorov-Smirnov (K-S) goodness of fit test, and the chi-square test. Finally, the
best-fit probability distribution is used to derive a number of occurrence probability curves

(hazard function curves) for different elapsed times and residual times.

5.2.2.1 Reference probability distributions

Let T denote the random variable of inter-occurrence times of M,, > 6.5 events (main-
shocks) in the study region with its probablity density function f(z), cumulative distribution
function F (), and hazard function /(z). Based on previous studies [e.g., 13, 183, 184,
271, 274, 280, 291-297], 13 candidate reference probability distributions are considered
to model the observed sample (t1,23,13,...,t23) of size 23. These distributions include
the time-independent exponential model and time-dependent gamma, lognormal, Weibull,
Levy, Maxwell, Pareto, Rayleigh, inverse Gaussian (Brownian passage-time, BPT), inverse
Weibull (Frechet), exponentiated exponential, exponentiated Weibull and exponentiated

Rayleigh models (Table 5.2).

In literature, following the reliability theory, recurrence statistics of earthquakes has
been discussed by several Japanese researchers (e.g., Utsu (1972, 1984) [271, 298];
Hagiwara (1974) [299]; Rikitake (1976) [300]) in the early stages of implementation.
Among these, Utsu (1984) [271] has formally discussed the recurrence of earthquakes in
Japan through four renewal models, namely exponential, gamma, lognormal, and Weibull.

Later on, a series of studies [e.g., 13, 183, 184, 271, 274, 280, 291-297] have concentrated
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on these four probability distributions for earthquake inter-occurrence time analysis. To

this end, Weibull distribution appears to be the most popular and versatile probability model

in statistical seismology [274]. Abaimov et al. (2008) [301] also suggested that the Weibull

distribution is the favored model for describing recurrence times on the San Andreas fault.

Corral (2003, 2004) [302, 303] employed global catalogs and observed that the gamma

distribution provides a good fit for intermediate and large values of recurrence time. To

note, Kagan and Knopoff (1987) [304] introduced the inverse Gaussian distribution, which

Matthews et al. (2002) [305] adopted as the Brownian passage-time (BPT) distribution for

their specific regions.

Table 5.2: Probability distribution models

Distribution Domain Density function Parameter domain
Exponential t>0 ée‘é a>0
Gamma t>0 ﬁ’@;le’é o,3>0
Lognormal t>0 zﬁ\l/zfne p {_% ln,ﬁ_a)Z} <o f 0
Weibull t>0 gzﬁ—le*(é)ﬁ o, B>0
Levy t>0 \/g e;;;ft o>0
Maxwell t>0 \/%(;—i exp [ : (é)z] o>0
Pareto t>a ﬁ% t>a>0,>0
Rayleigh >0 1 exp (— L 2) a>0
Inverse Gaussian t>0 %exp [—Bg;g)z] o, >0
Inverse Weibull t>0 ﬁaﬁt*ﬁ’le*(é)iﬁ o,f>0
Exponentiated Exponential ¢ >0 af (1—e ™ )I3 e o,3>0
Exponentiated Weibull t>0 %7/ (é)ﬁ_l e(é)ﬁ (1 — e(é)ﬁ a o,B,y>0

2 2\ A1
Exponentiated Rayleigh t>0 i—%e*(é) (1 — e (@) ) o, >0
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Table 5.3: Fisher information matrices (FIM) of probability distribution models; the FIM

of the exponentiated Weibull and exponentiated Rayleigh distributions are not calculated,
as the FIM contains nonlinear implicit terms [306]

Distribution FIM (1(0))
Exponential é
Ez 1
Gamma Oi a
o v'(B)
2
=0
Lognormal B* 1
0 &
B> 1 (1
= ——(14+wy(1
Weibull 1 o 1 a/( ‘V(2>)
—z(1+w(1)) p( (D+v*(2)
Levy 2%2
Maxwell %
o
B 1
Pareto a’(B+2) a(B+1)
1 1
_(x(ﬁ—H) [?
Rayleigh %
L0
Inverse Gaussian 28 )
0 &
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Inverse Weibull

Exponentiated Exponential ar1 ap

ai = 4z

LW -vB) B -w)]: B> 1,842

(v(B)
az=an =& | (W(B)—w 1)~ (wB+1) -y ()] B#1

1
6122:@

Exponentiated Weibull -

Exponentiated Rayleigh -

For the studied probability distributions, density functions, their supports, and a basic
explanantion of model parameters are mentioned in Table 5.2. It is noted that except
Pareto, all distributions consider positive real line as their support. Out of these 13
distributions, four distributions (exponential, Levy, Maxwell, and Rayleigh) have one
parameter and exponentiated Weibull has three parameters, whereas the rest of them
have two parameters. The exponential distribution appears in seismology to describe
earthquake interevent times under a homogeneous Poisson process, though it produces
a constant hazard function over time. The gamma and Weibull distributions have two
parameters, one scale parameter (responsible to control the spread of distribution) and
one shape parameter (responsible to produce various appearances). The shape parameter
particularly brings out a large variety of flexibility. When the shape parameter takes unit
value, both distributions become identical to an exponential distribution. Moreover, as

these distributions are popular in survival analysis to model residual times (also known as
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waiting time or time to failure), they are commonly used in seismic inter-occurrence time
analysis [274]. Under different conditions, these two distributions enable monotonically
increasing, decreasing, and constant failure rate. The lognormal distribution, like Levy,
Pareto or inverse Weibull (Frechet), is a commonly used heavy-tailed distribution that
puts higher probability to large events. While the lognormal distribution has distinctive
applications in modeling maintenance time of a system, the heavy-tailed models are
generally used in modeling huge insurance losses, income data, wildfire, and earthquake
sizes [307]. The hazard functions of lognormal and Frechet distributions are non-monotone
unimodal upside-down (concave-down N shape) bathtub shape, whereas the hazard rate
pattern of Pareto is decreasing [308]. The Maxwell and Rayleigh distributions belong
to one-parameter family of distributions, with Maxwell having extensive applications in
particle speed analysis in statistical physics, while Rayleigh with increasing hazard rate
has found applications in medical statistics and oceanographic studies among others. Both
distributions have been used in statistical seismology. The inverse Gaussian distribution,
also known as BPT distribution, is a popular temporal model [e.g., 295, 305] for inter-
arrival times and consequent long-term seismic forecasting. Unlike many probability
models, this distribution with a non-monotone hazard pattern asymptotically attaining a
non-zero value enables noteworthy connection to the earthquake mechanics of stress and
strain accumulation [305]. In addition, three distributions from the exponentiated group
are considered, namely the exponentiated exponential, exponentiated Weibull, and the
exponentiated Rayleigh [309]. With an additional shape parameter, these distributions
generalize the exponential, Weibull, and Rayleigh distributions, respectively. These
distributions have many characteristics with commonly used renewal-time distributions,

such as exponential, gamma, and Weibull distributions [274, 306, 310, 311].

5.2.2.2 Statistical inference

In order to carry out statistical inference based on available earthquake inter-arrival times,
the maximum likelihood estimation (MLE) method is used for parameter estimation of the

studied distributions, the Fisher information matrix to compute the variance-covariance
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matrix associated with the MLE estimates, and three model selection approaches to arrange
the distributions’ performance. The MLE method works on the principle that the estimated
model parameters must maximize the joint likelihood for a given set of sample data points
[308]. The method often requires to solve a set of linear or non-linear likelihood equations.
On the other hand, the Fisher information matrix (FIM), coupled with the Cramer-Rao
lower bound, provides a measure of uncertainty in terms of asymptotic standard deviations

and confidence limits of the estimated model parameters [274, 312].

Let 6 = (61, 6,,...,0,) denote the parameters for a reference distribution. Then, the

symmetric and positive semi-definite FIM I, ,(0) can be defined [312] as below:

(alnf(T; 9)> (81nf(T; 9))} (5.2.3)
906; aej ij=12,...p

(Lm0
86i<99j i,j=12,....p

Here, E denotes the expectation, f(¢; 0) is the density function, and L(7T'; 0) is the log-
likelihood function. After obtaining Fisher information matrix (Table 5.3), the asymptotic
variance-covariance matrix Y 4 is computed for each distribution through the Cramer-Rao
bound defined as } 5 > [n] (é)} _1; 6 is the maximum likelihood estimate of 6 [312].
Finally, a 95% two-sided confidence limit of the estimated model parameters is provided
as 0 —1.96 [Zij(é)]ﬁj:llw,l? <0 <6+1.96 [Zij(é)]nj:llmp' To note, the exact
(not asymptotic) standard deviations are available for the Pareto distribution [274, 313],
whereas the uncertainty analysis for the exponentiated Rayleigh and exponentiated Weibull
distributions cannot be performed as the explicit formulation of the FIM is unavailable

[306]. In Table 5.4, the estimated parameter values along with their associated uncertainties

are listed.
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Table 5.4: Estimated parameter values with their asymptotic standard deviations and
confidence bounds

Model Parameter ~ Asymptotic Standard Confidence Bound
Values Deviation (95%)
Exponential 0=9.2082  04=1.9201 5.4449-12.9715
Gamma 6=7.8698 04=1.6933 4.5509-11.1886
B: 1.1701 0p= 0.1118 0.9508-1.3892
Lognormal 0=1.7928 04=0.1410 1.5164-2.0691
[3’: 0.9564 0p= 0.1994 0.5655-1.3473
Weibull 0=9.6459 05=1.8860 5.9494-13.3424
3: 1.1229 0p= 0.1826 0.7651-1.4807
Levy 0=3.8073 04=1.1227 1.6068-6.0079
Maxwell 0="7.3860 o©u=0.6287 6.1537-8.6184
Pareto 0=0.7370  04=0.0067 0.5766-0.7370
[3’= 0.4767 0p= 0.0136 0.2478-0.7055
Rayleigh 0=9.0460 04=0.9431 7.1975-10.8945
Inverse Gaussian 0=9.2082 04=2.7071 3.9024-14.5141
[3’: 6.4913 0p= 2.2868 0.0000-10.9735
Inverse Weibull 6=3.7081 04=0.7677 2.2036-5.2126
3: 1.0605 Op= 0.1724 0.7226-1.3984
Exponentiated exponential® &= 7.5446 - -
p=1.3722
Exponentiated Weibull” 6=0.8292 - -
B=0.4620
P=8.2338
Exponentiated Rayleigh” 6=17.7231 - -
B=0.4206

“Parametric model uncertainties are not calculated as the values are not real. *For the
exponentiated Rayleigh and exponentiated Weibull distributions, parametric model
uncertainties are not calculated, as the FIM is not explicitly available [306].

The estimated parameter values given in Table 5.4 suggest the following noteworthy
characteristics of the underlying earthquake system: (i) as the shape parameter (3) in
each of gamma, Weibull, and exponentiated exponential is greater than 1.0, the associated
hazard function turns out to be monotonically increasing, indicating that the expected time
to the next earthquake will decrease with an increasing elapsed time [274, 314]; (i1) inverse

Gaussian and lognormal distributions exhibit non-monotone hazard shapes that gradually
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B_ ~

reach to a constant asymptotic value 5 > ~

0.038 and zero, respectively [184]; (ii1) as
the estimated shape parameter of the Pareto distribution is less than 1, it does not allow
us to compute mean interevent time or standard deviation [308]; (iv) the hazard function
associated with the exponentiated Rayleigh and exponentiated Weibull distributions assume
a “bathtub-type” shape as 3 < 0.5 [184, 306], and (v) for exponentiated exponential
distribution with 3 > 1, the hazard shape decreases over time [310].

After parameter estimation and uncertainty analysis, the best-performed reference
distributions are chosen according to their performance against the observed interevent
times. For this, three popular model selection approaches, namely the AIC, K-S, and the
chi-square criterion are used. The AIC in general penalizes a model with more parameters
and it is defined as AIC = 2k — 2L, where k denotes the number of parameters and L is the
log-likelihood value. Therefore, a model with the least AIC value is deemed to be the most
preferable model for a given dataset. In contrary, the K-S non-parametric goodness-of-fit
test compares the distance between the cumulative distribution function (CDF) of the
tested distribution and the empirical distribution function (EDF), under the null hypothesis
that the data are distributed according to the distribution. In addition to the K-S point
measures, a number of K-S plots are also presented in Figures 5.3 and 5.4 to examine the
overall fit of the reference CDFs with the EDFE. After AIC and K-S tests, the minimum
chi-square criterion that uses observed and expected frequencies is employed to prioritize
a group of distributions. For computation of chi-square value, here four classes are used
(<3, 3-6, 612, >12). The detailed results of model selection tests are summarized in
Table 5.5.

From Table 5.5, it is noted that the lognormal, exponentiated Weibull, and exponential
distributions are the best performed models as they have lowest AIC value, least K-S
distance, and the minimum chi-square value, whereas inverse Gaussian, gamma, inverse
Weibull, Weibull, exponentiated exponential distributions also reveal a satisfactory fit
to the observed inter-arrival times in the study region. On the other hand, remaining
distributions have poor suitability to the observed inter-arrival times of large events in the

study region. From Figure 5.4, it is observed that lognormal is almost inseparable from the
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Figure 5.4: Comparison of the best performed CDF of the tested distributions against EDF
through K-S plots.

exponentiated Weibull, though there is a noticeable difference between exponential and
lognormal. Overall, the proximity or farness among these best-fit distributions motivate
researchers to further investigate model efficacy in domain-specific practical applications

[191, 308, 310].
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Table 5.5: Model selection results using three goodness-of-fit tests and criteria

Distribution Maximum Likelihood K-S Min. Distance Chi-square Values
—InL  AIC x?
Exponential 74.0622 150.1244  0.0986 0.6027
Gamma 73.6671 151.3342  0.1076 0.6151
Lognormal 72.8443 149.6886  0.0940 0.3015
Weibull 73.8034 151.6069 0.1168 2.0045
Levy 79.1114 160.2229 0.2573 9.4251
Maxwell 95.1974 192.3949 0.2787 0.5438
Pareto 81.2759 166.5518 0.2954 0.5114
Rayleigh 83.0731 168.1462  0.3206 7.8372
Inverse Gaussian 72.9758 149.9515 0.1045 0.2920
Inverse Weibull 74.6454 153.2907 0.1134 0.3760
Exponentiated exponential 73.5119 151.0238 0.1259 0.3916
Exponentiated Weibull 72.8330 151.6659 0.0997 0.1236
Exponentiated Rayleigh 75.2871 154.5743 0.1846 2.3391

5.2.3 Occurrence probabilities of large earthquakes

After analyzing the performance of the reference distributions, the successive task is to
assess long-term earthquake occurrence probabilities in the study region. For this, the
best fit lognormal distribution is used to compute cumulative probability and a series
of conditional probabilities for different elapsed times (time elapsed since the last large
earthquake) and residual times (time to a future large earthquake). The conditional
probability values are often represented in terms of hazard function curves of the best
performed model (Figure 5.5) for scientific, public and commercial purposes [13, 292].
The conditional probability of a future event in the time window (7,7 + v) for a given

elapsed time 7 and prospective residual time v can be mathematically defined as [274]:

F(t+v)F(T)

PV STV <v) = =1

,(v>0) (5.2.4)

To note, the cumulative probability describes the occurrence of a future event within a
certain time from the last earthquake, whereas the conditional probability determines the
chance of an earthquake in the interval (7,7 + v), knowing that there has been no large

event in the last 7 years. Using the most suitable lognormal distribution, it is found that
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the estimated cumulative probability of a M,, > 6.5 event in the Kumaun-Nepal Himalaya
reaches 0.90-0.95 by 2035-2045, whereas the conditional probability reaches 0.90-0.95
by 2048-2059. These probability values are alarmingly high to draw attention of the

disaster management authorities in the study area.

Table 5.6: Estimated conditional probabilities for an elapsed time of 8 years (i.e., April
2023) in the study area

Residual time  Year Lognormal Exponential Exponentiated Weibull*

1 2024 0.12 (0.07-0.28) 0.10 (0.07-0.17) 0.12

6 2029 0.51 (0.32-0.85) 0.48 (0.37-0.67) 0.52

11 2034 0.70 (0.48-0.96) 0.70 (0.57-0.87) 0.71

16 2039 0.81(0.59-0.99) 0.82 (0.71-0.95) 0.82

21 2044  0.87 (0.66-0.99) 0.90 (0.80-0.98) 0.88

26 2049 0.91 (0.72-0.99) 0.94 (0.87-0.99) 0.92

31 2054 0.93 (0.76-0.99) 0.97 (0.91-0.99) 0.94

36 2059 0.95 (0.80-0.99) 0.98 (0.94-0.99) 0.96
41 2064 0.96 (0.82-0.99) 0.99 (0.96-0.99) 0.97

¢ absolute conditional probability values are presented, as parametric model uncertainties
is unknown.

As the last large earthquake in study area occurred on April 25, 2015, the elapsed
time as of today is T = 8 years (i.e., April 25, 2023). Therefore, for T = 8 years and
v=1,6,11,...,41 years, conditional probabilities and their 95% confidence bounds
(Table 5.6) are computed using all the three best performed models, namely the log-
normal, exponential, and exponentiated Weibull. Results show that the conditional
probabilities according to all distributions reach 0.95 in about 16-36 years from now
(2049-2059). Similarly, varying both elapsed time (7 = 8,10, 15,...,35 years) and resid-
ual time, a series of conditional probabilities are calculated (Figure 5.5) to examine hazard
for large earthquakes in the study region. The curves in Figure 5.5 show a consistent
pattern for lognormal and exponentiated Weibull distributions, though the exponential
exhibits a relatively higher conditional probability value. To investigate more, condi-
tional probabilities (Table 5.7) computed from the best-fit lognormal distribution cor-
responding to 7 = 8(2023),10(2025), 15(2030),20(2035),25(2040),30(2045),35(2050)

and v =1,2,...,15. It is noted that unlike the exponential distribution that provides
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Figure 5.5: Hazard function curves for various elapsed times (7 = 8,10, 15,20, 25,30, 35
years) as computed from (a) lognormal, (b) exponential, and (c) exponentiated Weibull
for M,, > 6.5 events in the Kumaun-Nepal Himalaya. The dot-line represents the hazard
curve corresponding to an elapsed time of 8 years (since the last large Gorkha earthquake

in April, 2015).

conditional probability independent of the elapsed time, the conditional probabilities

Year number

(c)

corresponding to the lognormal decrease with increasing elapsed times.

In summary, the estimated cumulative probability of a M,, > 6.5 event in the Kumaun-
Nepal Himalaya reaches 0.90—0.95 by 2035-2045, whereas the conditional probability
reaches 0.90-0.95 by 2048-2059. Overall, these findings empower governments and

societies to make informed decisions and take proactive measures to enhance resilience
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Table 5.7: The estimated conditional probabilities (from lognormal model) that an earth-
quake with magnitude M,, > 6.5 will occur in next v years (residual time), given that no
M,, > 6.5 event has occurred in last T years (elapsed time) since the last Gorkha event in
April 2015

Elapsed Time (7)

Residual time (v) 8 10 15 20 25 30 35
(2023) (2025) (2030) (2035) (2040) (2045) (2050)
0.12 0.11 0.10 0.09 0.08 0.07 0.06
0.22 0.21 0.18 0.16 0.15 0.13 0.12
0.31 0.29 0.26 0.23 0.21 0.19 0.18
0.39 0.37 0.33 0.29 0.27 0.25 0.23
0.45 0.43 0.38 0.35 0.32 0.29 0.27
0.51 0.49 0.44 0.40 0.37 0.34 0.32
0.56 0.53 0.48 0.44 0.41 0.38 0.36
0.60 0.58 0.53 0.48 0.45 0.42 0.39
0.64 0.62 0.56 0.52 0.49 0.46 0.43
0.67 0.65 0.60 0.56 0.52 0.49 0.46
0.70 0.68 0.63 0.59 0.55 0.52 0.49
0.73 0.71 0.66 0.62 0.58 0.55 0.52
0.75 0.73 0.68 0.64 0.60 0.57 0.54
0.77 0.75 0.71 0.66 0.63 0.60 0.57
0.79 0.77 0.73 0.69 0.65 0.62 0.59

TSI SIS =NE=REC RN B RO NV S I

and minimize the impact of future earthquakes.

After exploring earthquake interevent time modeling in the Kumaun-Nepal Himalaya,
the next section is focuses on earthquake nowcasting at 30 major city regions of the study

area.

5.3 Earthquake nowcasting along the Kumaun-Nepal Hi-

malaya

This section provides a comprehensive account of earthquake nowcasting in the study area,

encompassing detailed descriptions of the earthquake dataset, methodology, and results.
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5.3.1 Earthquake data

To carry out nowcasting based Natrural Time Analysis (NTA) in the Kumaun-Nepal
Himalaya, a part of earthquake data (i.e., from 1965-2023) obtained in Chapter 2 is
re-considered. In this sub-catalog, there are a total of 3397 events (3.6 < M,, <7.8) with
their focal depths 0—100 km. This catalog includes 26 “large” events with M,, > 6.0,
providing 25 seismic cycles. In nowcasting analysis, it is assumed that earthquakes
within the study region have a perfect correlation, though they are considered to be
unaffected by earthquakes occurring outside the region [277, 282]. Figure 5.7 provides a
pictorial summary of the catalog in terms of frequency-magnitude plot and magnitude-time
graph. It is observed that the magnitude completeness threshold based on the least-
squares linear regression equation turns out to be ~3.6, and the completeness threshold
is largely homogeneous over time. Figure 5.8 displays a dependence plot comparing
the average counts Ny (the average cumulative count of 4.0 < M,, < 6.0 earthquakes)
and Ng (the average cumulative count of M,, > 6.0 earthquakes) to analyze potential
linear dependencies between them. It is evident from Figure 5.8 that there exists a linear

relationship between Ny and Ng.

5.3.2 Formulation

Occurrence of earthquakes are random, though they are observed to appear quasi-periodically
in seismic cycles [191, 316]. The irregularity in seismic “cycles” in a large geographic area
has resulted into the formulation of different statistical measures based on a space-time
organization of events [191, 282, 317]. The proposed method considers the ensemble
statistics of recurring “natural times”, intermittent small earthquake counts, to estimate
the current level of seismic progression in terms of earthquake potential score (EPS). This

empirical method is known as earthquake nowcasting [282].

To illustrate the nowcasting idea, let us consider a geographic region of area A and two
magnitude thresholds (small and large) My, and M 5. Let Ny and Ng denote the average

cumulative count of earthquakes having magnitudes greater than My and Mg, respectively.
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Figure 5.6: Seismotectonic map of Kumaun-Nepal Himalaya and surrounding regions.
The background color indicates the population density of persons per Skm? area [315].
Earthquakes with magnitude M,, > 6.0 are represented by yellow stars. The black circles
indicate the geographic center of 30 major cities in the study area. The colored circles
represent seismicity (3.5 < M,, < 6.0) in the study region.

Using Gutenberg-Richter scaling relation, the cumulative event count turns out to be
Ny = 109 PMa gpd Ng = lO“‘bMﬁ, respectively, for some constants a and b. Thus, the

average number (N) of interevent small earthquakes (natural times) in a seismic cycle can

be defined as:

N
N="0""TF _ obMs—Ma) (5.3.1)
Ng

The above equation shows that (i) the NTA is independent to the productivity (a) of a
spatial region, be it dominated by aftershocks or triggering events; (ii) natural time count
scales exponentially with the difference of the threshold magnitudes; (iii) particularly, with
the assumption that b-value remains constant in time and space, the natural time (N) scales
exponentially to the magnitude of large earthquakes, as the small magnitude threshold

M, often deduced from the magnitude of completeness in a catalog (Figure 5.7), remains
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(a)

(b)

Figure 5.7: (a) Frequency-magnitude and (b) magnitude-time plots for the present earth-
quake catalog in the Kumaun-Nepal Himalaya.

unchanged [191, 282]. As a consequence, unlike conventional hazard assessment methods,
in nowcasting analysis, (i) dependent events have an equal opportunity to contribute to

the analysis and (ii) the fault “segmentation” concept can be dropped to account for
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Figure 5.8: Dependence plot between the cumulative number of small earthquake counts
Ng and cumulative number of large earthquake counts Ng.

a combined space-time interactions among a miscellany of faults and their associated

“seismic cycles” [278, 282, 318].

To develop ensemble seismicity statistics for a given region A based on observed
natural times (say, Ni,Na,...,Nc ) corresponding to C number of earthquakes cycles, a
group of reference probability distributions is employed to select the right data-derived
CDF. Assuming that the natural time statistics remains invariant in space and time, the
EPS for several local regions (say, A;,i = 1,2,...,k,A; C A) can be computed as EPS; =
Fy(m;(t)) = P{N < m;(t)} where Fy(.) is the distribution of natural times and m;(¢) is the
current count of small events in the region A; at clock (calendar) time ¢ [282]. It may be
noted that ergodic principle in the statistical mechanics of earthquake physics provides a
theoretical ground for the above assumption in nowcasting analysis [282, 317]. Besides,
it may be emphasized that earthquake nowcasting conceptually differs from earthquake
forecasting (i.e., earthquake interevent modeling) in which the probability of a future event

1s estimated [282].

The methodology adopted in a nowcasting analysis consists of three broad steps:

preparing data (natural times) for the study region, deriving seismicity statistics of natural
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times, and computing earthquake potential score (nowcast scores) for a number of cities
embedded in the study region. While the description of “small” (say, 4.0 < Mw < 6.0) and
“large” (say, M > 6.0) events in data preparation (Step-1) usually comes from the notion of
magnitude completeness threshold (Figure 5.7) and societal destruction, deriving natural
time statistics (Step-2) requires probability model description, parameter estimation, and
model selection. Using the best-fit cumulative distribution of natural times in the entire
study region (in Step-2), the nowcast values for several circular city regions are computed
to measure their current state of earthquake hazards. A simple flowchart of the earthquake

nowcasting approach is illustrated in Figure 5.9.

Figure 5.9: Flowchart of the nowcasting approach for earthquake hazard estimation [274].

To perform NTA on the earthquake dataset, a parametric family of five probability
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Table 5.8: Estimated parameter values and goodness-of-fit measures of selected probability
distribution

Distribution Statistical Inference
MLE K-S
Exponential &=69.7500 0.1336
Gamma &= 100.2030 0.0972
B=0.6961
Weibull &=65.3160 0.0892
p=0.8772
Exponentiated Exponential &= 79.7828 0.0915
B=0.8171
Exponentiated Weibull 0=56.3087 0.1285
f=0.8091
9=1.3039

distributions is employed having positive real line as their domain. Since natural time count
scales exponentially with the difference of the threshold magnitudes (Equation 5.3.1) it is
reasonable to consider exponential distribution and its primary variants gamma, Weibull,
and exponentiated exponential in developing the data-derived cumulative distribution
function (CDF) and associated earthquake potential score (EPS) computation (Table 5.2).
Using the maximum likelihood method and the non-parametric Kolmogorov-Smirnov
(K-S) statistic, model parameters are estimated and the best-fit distribution is determined
for the observed event counts [294]. While the maximum likelihood technique involves
maximizing the likelihood function of the unknown population parameters for a given set of
observations, the non-parametric K-S procedure ranks candidate probability models based
on their (minimum) vertical distances between the two distribution functions: empirical
data distribution and the reference cumulative distribution. It is found that the Weibull
distribution provides the best representation to the observed natural times for the Kumaun-

Nepal Himalaya (Table 5.8).

5.3.3 Results

Considering the small event magnitude threshold M, to be M,, = 4.0, large event magni-

tude threshold Mg to be M,, = 6.0, and the radius of circular city region R = 250 km, the
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nowcast score of 30 cities from Kumaun-Nepal Himalaya is calculated. Nevertheless, in a

later part of this chapter, a sensitivity analysis of these input parameter is discussed.

5.3.3.1 EPS at several city regions
As mentioned above, the nowcasting method produces EPS, a numerical value (between
0% and 100%), that can serve as a yardstick to examine the current level of seismic

cycle progression in a defined region. The EPS is calculated according to small and

Figure 5.10: Earthquake potential scores for M,, > 6.0 events at 30 major cities in the
Kumaun-Nepal Himalaya for M, = 4.0 and R = 250 km are shown by solid bars. Abbre-
viations for city-names are as follows: BP, Bharatpur; BM, Bhimdatta; BN, Biratnagar;
BR, Birendranagar; BG, Birganj; BD, Birtamod; BK, Budhanilkantha; BT, Butwal; DM,
Damak; DG, Dhangadhi; DR, Dharan; GR, Ghorahi; GK, Gokarneshwar; HT, Hetauda; IT,
Itahari; JK, Janakpur; JS, Jitpur Simara; KL, Kalaiya; KT, Kathmandu; LT, Lalitpur; NP,
Nepalgunj; PK, Pokhara; TT, Tilottama; TL, Tulsipur; PT, Pithoragarh; BW, Bageshwar;
AL, Almora; CP, Champawat; NT, Nainital; US, Udham Singh Nagar.

large magnitude thresholds of M,, = 4.0 and M,, = 6.0, respectively. As on December
31, 2023, the EPS corresponding to M,, > 6.0 events at 30 major cities in Kumaun-Nepal
Himalaya ranges between 77% and 98% with the following ranking in decreasing order:

Birendranagar (98%), Nepalgunj (97%), Tilottama (96%), Bageshwar (96%), Bhimdatta
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Table 5.9: Earthquake potential scores for M,, > 6.0 events in 30 major cities along the

Kumaun-Nepal Himalaya corresponding to M, = 4.0 and R = 250 km

City City centre Date of last Magnitude of last Current EPS
Lat (°N) Lat(°E) large event large event count (%)
Bharatpur 27.6706 84.4385 12-05-2015 7.3 182 91
Bhimdatta 28.9873 80.1652 28-03-1999 6.6 223 95
Biratnagar 26.4525 87.2718 12-05-2015 7.3 193 92
Birendranagar 28.5776  81.6254 29-07-1980 6.5 308 98
Birganj 27.0449 84.8672 12-05-2015 7.3 176 91
Birtamod 26.6293 87.9825 12-05-2015 7.3 168 90
Budhanilkantha 27.7654 85.3653 12-05-2015 7.3 221 95
Butwal 27.6866 83.4323 25-04-2015 7.8 236 95
Damak 26.6717 87.6680 12-05-2015 7.3 192 92
Dhangadhi 28.6852 80.6216 28-03-1999 6.6 227 95
Dharan 26.8143 87.2797 12-05-2015 7.3 210 94
Ghorahi 28.0588 82.4861 25-04-2015 7.8 114 80
Gokarneshwar 27.7668 85.4066 12-05-2015 7.3 224 95
Hetauda 27.4368 85.0026 12-05-2015 7.3 190 92
Itahari 26.6646 87.2718 12-05-2015 7.3 203 93
Janakpur 26.7271 85.9407 12-05-2015 7.3 213 94
Jitpur Simara 271775 84.7237 12-05-2015 7.3 178 91
Kalaiya 27.0323 85.0078 12-05-2015 7.3 179 91
Kathmandu 27.7172  85.3240 12-05-2015 7.3 218 94
Lalitpur 27.6588 85.3247 12-05-2015 7.3 216 94
Nepalgunj 28.0548 81.6145 29-07-1980 6.5 277 97
Pokhara 28.2096 83.9856 12-05-2015 7.3 190 92
Tilottama 27.6193 83.4750 25-04-2015 7.8 242 96
Tulsipur 28.1309 82.2972 25-04-2015 7.8 102 77
Pithoragarh 28.5829 80.2182 28-03-1999 6.6 214 94
Bageshwar 29.8404 79.7694 28-03-1999 6.6 244 96
Almora 29.5892 79.6467 28-03-1999 6.6 232 95
Champawat 29.3361 80.0910 28-03-1999 6.6 237 95
Nainital 29.3924 79.4534 28-03-1999 6.6 220 95
Udham Singh Nagar 28.9610 79.5154 28-03-1999 6.6 209 94

(95%), Budhanilkantha (95%), Butwal (95%), Dhangadhi (95%), Gokarneshwar (95%),
Almora (95%), Champawat (95%), Nainital (95%), Dharan (94%), Janakpur (94%),
Kathmandu (94%), Lalitpur (94%), Pithoragarh (94%), Udham Singh Nagar (94%), Itahari
(93%), Biratnagar (92%), Damak (92%), Hetauda (92%), Pokhara (92%), Bharatpur (91%),
Birganj (91%), Jitpur Simara (91%), Kalaiya (91%), Birtamod (90%), Ghorahi (80%), and
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Tulsipur (77%) (Figure 5.10 and Table 5.9). Physically, this result indicates, for example,
that the capital city Kathmandu has progressed about 94% of the way through its cycle
of magnitude 6.0 or higher events. Overall, it is noted that, the EPS scores for all major
cities in the study area lie in the range of 77% and 98%. The high EPS scores indicate that
these cities have reached to their rear end in the seismic cycle of large earthquakes. These
EPS values are alarmingly high to draw attention of the disaster management authorities

in Kumaun-Nepal Himalaya.

5.3.3.2 Sensitivity analysis

As the time-dependent nowcast scores for M,, > 6.0 events are obtained for a particular
choice of small magnitude threshold and city region, a sensitivity testing of the parameters
is desirable to improve reliability (Rundle et al. 2016; Pasari 2022). Therefore, the sensi-
tivity analysis in a two-fold style is performed: (i) changing city radius R = 200,250,300
km with fixed small magnitude threshold M,, = 4.0 and (ii) changing small magnitude
threshold M,, = 4.0 and M,, = 3.6 with fixed R = 250 km.

For each of the above cases, the EPS values are re-computed and visually depicted
in Figures 5.11 to 5.13. Several observations are made from the sensitivity testing: (i)
a steady increase in the city radius often yields a steady increase in EPS scores, though
there are a few cases (Birendranagar and Tulsipur) where the inclusion of the most recent
large event in the enlarged city area leads to decreased EPS values; (ii) the EPS score for
Ghorahi within a 200 km city radius can not be calculated due to the absence of any large
events within this range; (iii) a lower value of small magnitude threshold M,, = 3.6 yields
a slight change (+2%-3%) in observed EPS scores. Therefore, the EPS values are largely
consistent with the variations in threshold magnitude and city area in the seismically active

Kumaun-Nepal Himalaya.

In summary, most of the cities have reached to their rear end in the seismic cycle
of large earthquakes indicating a potential catastrophic to the human population in the

Kumaun-Nepal Himalaya.
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Figure 5.11: (a) Earthquake potential scores for M,, > 6.0 events at 30 major cities in
the Kumaun-Nepal Himalaya for M, = 4.0 and R = 200 km are shown by solid bars.
The stacked bar-chart in the lower panel (b) of the figure shows a comparison of the
current number of small event counts at several city areas. Abbreviations align with the
Figure 5.10.
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Figure 5.12: Earthquake potential scores for M,, > 6.0 events at 30 major cities in the
Kumaun-Nepal Himalaya for M, = 4.0 and R = 300 km are shown by solid bars. Abbre-
viations align with the Figure 5.10.

5.4 Validation of EPS score

The nowcast scores, interpreted as a way of assessing tectonic stress build-up at the current
time, also yield useful information for strategic planning. However, it is important to keep
in mind that in NTA or any statistical data-driven analysis, early failures (much more
before than the “expected number of natural time counts”) are inevitable phenomena,
reflecting the variability in natural time statistics [120, 214]. To provide a validation, EPS
scores (%) for five cities prior to the 2015 M,, 7.8 Gorkha earthquake are calculated. Prior
to the 2015 earthquake, the present analysis would assign EPS scores as Bharatpur (81%),
Birganj (79%), Kathmandu (86%), Lalitpur (85%), and Pokhara (64%). In addtion, to
investigate more, the EPS scores corresponding of several city regions ptior to 1999 Mw
6.5 Chamoli earthquake and 1991 Mw 6.8 Uttarkashi earthquake are estimated. Prior
to the 1999 event, the EPS scores are as follows: Bhimdatta (59%), Dhangadhi (78 %),
Pithoragarh (78%), Bageshwar (63%), Almora (63%), Champawat (62%), Nainital (60%),
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Figure 5.13: Earthquake potential scores for M,, > 6.0 events at 30 major cities in the
Kumaun-Nepal Himalaya for M, = 3.6 and R = 250 km are shown by solid bars. Abbre-
viations align with the Figure 5.10.

and Udham Singh Nagar (57%). Similarly, prior to the 1991 event, the present analysis
would assign EPS scores for cities as Bhimdatta (61%), Bageshwar (65%), Almora (64%),
Champawat (64%), Nainital (64%), and Udham Singh Nagar (59%). The EPS scores
mentioned prior to the 1991, 1999, and 2015 events show high values for the majority
of city regions, indicating the validation of the nowcasting method across the study area.
Consequently, apart from a few instances of “infant mortality,” the expected nowcast scores

clearly demonstrate their usefulness.

5.5 Seismic hazard analysis through combined geodetic

and statistical approaches

The current study conducted a thorough seismic hazard assessment employing geodetic
techniques (Chapters 2 to 4) and statistical methodologies (Chapter 5). While the geodetic
analysis focused on evaluating seismic hazard through an examination of underlying

crustal structure, strain distribution, fault kinematics, and earthquake potential based on
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seismic moment budget within the study region, statistical methods were utilized for
earthquake inter-event time analysis and earthquake nowcasting in the same area. Both
approaches revealed that each segment of the study area demonstrates elevated EPS scores,
indicating the potential for significant to severe earthquakes in the future. Consequently,
the integration of these two methodologies offers insight into high seismic hazard zones

across the study area.

5.6 Summary

The present chapter focuses on analyzing the seismic hazards along the Kumaun-Nepal
Himalaya based on an area-based statistical approach. For this, probabilistic earthquake
recurrence modeling and natural time analysis are carried out to estimate the conditional
probability of large-sized earthquakes and the current state of developing earthquake cycles

at several city regions, respectively. The analysis leads to the following remarks:

1. The best-performed distributions are the lognormal, exponential, and exponentiated
Weibull to the observed inter-arrival times of large events (M,, > 6.5) in the Kumaun-

Nepal Himalaya.

2. The best-fit exponentiated lognormal model shows that the estimated cumulative
and conditional probability of a M,, > 6.5 event in the study region reach 0.90-0.95
in the 2035-2045 and 2048-2059, respectively.

3. To analyze the current state of developing earthquake cycles in the study region

through natural time counts, the best-fit model turns out to be Weibull.

4. The EPS scores calculated from the best-performed Weibull distribution for all major

cities in the study area are high and lie in the range of 77% and 98%.

5. These EPS values are alarmingly high to draw attention of the disaster management

authorities in the Kumaun-Nepal Himalaya.

In summary, to examine a comprehensive seismic hazard in Kumaun and Nepal

Himalaya, two approaches namely, theory-driven physical models (i.e., fault and/or area
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based models) and data-driven statistical models (i.e., area based models) are implemented.
The physical models have focused on the spatial distribution of the contemporary seismic
moment budget, fault kinematics and associated earthquake potential using the geodetic
and earthquake data (in Chapters 2 to 4), whereas the latter data-driven statistical models,
namely the earthquake forecasting and nowcasting, have aimed to provide a synoptic
statistical view of earthquake hazard in terms of conditional probabilities of large sized
earthquake and earthquake potential score in the study area, respectively (in Chapter 5).
The estimated results not only enable researchers to understand the seismic hazard analysis
but also have several end-user applications. The next chapter will summarize the entire

thesis work along with a few recommendations.
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Chapter 6

Conclusions and Future Scope

’

“Earthquakes remind us how small we really are and how temporary everything is.’

— Greg Lake

The present thesis has provided a contemporary seismic hazard analysis using a com-
bination of GPS, InSAR, and earthquake data along the Kumaun and Nepal Himalaya.
For this, Chapter 1 has provided an overview and rationale of the thesis, along with the
primary objective and scope of the thesis. Chapter 2 has outlined the study area and
various datasets including GPS velocity field, InSAR velocity field, integrated velocity
field, and earthquake data. Chapters 3 and 4 have respectively provided an area-based
and fault-based earthquake potential of different segments using geodetic approach of
the study area, whereas, Chapter 5 has carried out probabilistic earthquake recurrence
modeling along with earthquake nowcasting analysis. Finally, the present chapter (Chapter
6) summarizes research outcomes of the thesis accompanying with relevant future scopes.

The overall content of this chapter is provided below.
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6.1 Summaryof workdone . . . . .. ... ... . L 207
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6.1. Summary of work done

6.1 Summary of work done

The current thesis offers a present-day seismic hazard analysis by integrating GPS, InSAR,
and earthquake data across the Kumaun and Nepal Himalaya. The primary objective of this
thesis involves evaluating the ongoing crustal deformation during the interseismic period
and consequently to re-evaluate the contemporary seismic hazards in the Kumaun and
Nepal Himalaya. To accomplish this objective, a high-resolution integrated velocity field
from the combination of GPS and InSAR data was derived. The estimated integrated ve-
locity field was subsequently employed to obtain the strain distribution within the Kumaun
and Nepal Himalaya. The resulting strain rate distribution and compiled earthquake dataset
enabled the seismic moment budget along the Kumaun and Nepal Himalaya. Additionally,
the high-resolution integrated velocity field was used for the computation of the MHT’s
fault kinematics, slip rate distribution, and corresponding earthquake potential within the
study region. Furthermore, probabilistic earthquake recurrence modeling and natural time
analysis were conducted to estimate the conditional probability of large-sized earthquakes
and the current state of developing earthquake cycle at several city regions, respectively. A

consolidated summary of work done across previous chapters is presented below.

6.1.1 High-resolution integrated velocity field

After a theoretical overview of the Himalayan arc in Chapter 1, the high-resolution
integrated velocity field along the Kumaun-Nepal Himalaya was derived in Chapter 2
through a number of successive tasks, such as the GPS velocity field estimation, InSAR
LOS velocity derivation, and integration of derived GPS and InSAR velocities. The
GPS data of the regional network in Kumaun was processed using the GAMIT-GLOBK
suite of post-processing software and the GPS velocity vectors along with daily position
time-series plots were derived. To improve the spatial resolution of the GPS velocity field
across the study region, an updated set of GPS velocity data obtained from NGL and
published sources was utilized. On the other hand, InSAR based ascending and descending

LOS velocities were calculated from “COMET-LiCS Sentinel-1 InSAR” portal using the
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LiCSBAS processing toolbox. Then, the derived GPS and InSAR based velocities were
combined to obtain a high-resolution velocity field. It was observed that the northern part
of the study region shows a southward deformation ranging from 9 mm/yr to 15 mm/yr,
while the southern part experiences relatively lower deformation due to the ongoing

north-south convergence between the Indian and Eurasian plates.

6.1.2 Strain rate distribution and seismic moment budget

The derived integrated velocity field in Chapter 2 was utilized in Chapter 3 to calculate the
contemporary seismic moment budget in the Kumaun Himalaya and three spatial sections
along the Nepal Himalaya using the state-of-the-art high-resolution integrated velocity
field. For this, (1) three types of geodetic strains, namely dilatational, maximum shear,
and rotational strains were calculated; then, (ii) geodetic and seismic moment rates were
computed using the estimated strain tensor and compiled earthquake data, respectively;
and, (ii1) a section-wise seismic moment budget was estimated through an area-based
approach by comparing geodetic and seismic moment rates over the study region. It was
observed that the compressional strain rates are dominant because of the India-Eurasia
tectonic collision, though there are some patches of extensional strain rates in southern
Tibet. Higher dilatational and maximum shear strain rates were inferred along the MCT
region. The rotation rates reflected the general pattern of the surface velocity field along
the study region. Additionally, earthquake potentials of M,, 8.1 in the Kumaun Himalaya,
M,, 8.5 in western Nepal, M,, 7.9 in central Nepal, and M,, 8.1 in eastern Nepal were

determined by comparing geodetic and seismic moment rates in each respective section.

6.1.3 Fault kinematics and slip-rate distribution of the megathrust
MHT

In Chapter 4, to characterize fault parameters and associated earthquake potential of

the MHT along the Kumaun-Nepal region, (i) the derived integrated velocity field and

compiled earthquake data were re-considered from Chapter 2; then, (ii) twenty arc-normal

profiles to the MHT were selected across the study region based on the velocity pattern;
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subsequently, (iii) the spatial distribution of slip rates and fault geometry for the MHT was
determined from a two-dimensional Bayesian inversion model; then, (iv) a section-wise slip
deficit rate, moment deficit rate, and associated earthquake potential were computed based
on the estimated slip rate and seismic energy release; finally, (v) these fault-based moment
deficit rates and associated earthquake potential were compared with their corresponding
area-based values as mentioned in Chapter 3. The long-term slip rate along the MHT was
determined to be 19.1 mm/yr in the Kumaun Himalaya, 15.5 mm/yr in the western Nepal
Himalaya, 13.8 mm/yr in the central Nepal Himalaya, and 12.4 mm/yr in the eastern Nepal
Himalaya. Furthermore, earthquake potentials were estimated to be M,, 8.2 in the Kumaun
Himalaya, M,, 8.4 in the western Nepal Himalaya, M,, 8.2 in the central Nepal Himalaya,

and M,, 8.3 in the eastern Nepal Himalaya based on the observed slip-rate distribution.

6.1.4 Seismicity statistics in the study area

After estimating the seismic moment budget, fault kinematics, and associated earth-
quake potential along the Kumaun-Nepal Himalaya through a geodetic based approach in
Chapters 3 and 4, the second state-of-the-art approach, namely the statistical area-based
earthquake nowcasting and forecasting method, was utilized in Chapter 5. For this, (i) the
compiled earthquake data was re-considered from Chapter 2; then, (ii) the interevent time
of successive large events (M,, > 6.5) was calculated from several competitive probability
distributions to examine various properties of inter-occurrence times in the study area;
subsequently, (iii) the conditional probability plots and their implications for future earth-
quakes were described; and, (iv) the current progression of contemporary earthquake cycle
of different city regions in terms of earthquake potential score (EPS) was estimated based
on statistical approach. From interevent modeling, it was calculated that the cumulative
and conditional probability of a M,, > 6.5 event in the study region reach 0.90-0.95 in the
next 08-22 years (2030-2045) and 25-36 years (2048-2059), respectively. Additionally,
the estimated EPS scores are above 90% at most of the cities in the study region (including
capital city Kathmandu), indicating that these cities have reached their rear end in the

seismic cycle of large earthquakes.
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Seismic hazard analysis using the above area and fault based methods are all related
to the concept of elastic rebound. While the geodetic approach has provided a long-term
prospective of moment build-up, the proposed intervent and nowcasting approach have
evaluated the conditional probability of large-sized earthquakes and the current state of
developing earthquake cycle at several city regions, respectively. A combination of these
physical and empirical methods have provided a snapshot of high seismic hazard areas
along the Kumaun-Nepal Himalaya.

In summary, the present thesis work has better characterized the seismic hazard in terms
of the updated high-resolution velocity field, strain rate patterns, seismic moment budget,
fault kinematics of the megathrust MHT, and earthquake nowcasting and forecasting
along the Kumaun-Nepal Himalaya. The findings will provide invaluable inputs to the

time-dependent seismic hazard analysis of the study region.

6.2 Major findings of the thesis
The major findings of the present thesis are outlined as follows:

1. The high-resolution integrated velocities from the combination of GPS and InSAR
indicate that the northern part of the study area exhibits deformation towards the
south at a rate ranging from 9 mm/yr to 15 mm/yr, while the deformation in the

southern part is relatively smaller.

2. The strain rate is not homogeneous over the Kumaun and Nepal Himalaya. Partic-
ularly, along the MCT, higher strain rates are observed and minimal strain rate is
observed along the MBT and MFT, indicating the locking behavior of these faults in

the study region.

3. The calculated moment deficit rates using an “area-based” approach in different
sections of the study area are as follows: 7.64 x 10!8 Nm/yr in Kumaun, 12.13 x 10'8
Nm/yr in western Nepal, 4.74 x 10'® Nm/yr in central Nepal, and 5.33 x 10'8 Nm/yr
in eastern Nepal. These rates imply earthquake potentials of M,, 8.1, M,, 8.5, M,, 7.9,

M,, 8.1 in Kumaun, western Nepal, central Nepal, and eastern Nepal, respectively.
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4. The Bayesian inversion fault model reveals a long-term slip rate for the MHT of
19.1 mm/yr in the Kumaun Himalaya, 15.5 mm/yr in the western Nepal Himalaya,
13.8 mm/yr in the central Nepal Himalaya, and 12.4 mm/yr in the eastern Nepal

Himalaya.

5. This determined slip rate of the MHT corresponds to a slip deficit of 16.5 mm/yr
in the Kumaun Himalaya, 13.3 mm/yr in the western Nepal Himalaya, 11.3 mm/yr
in the central Nepal Himalaya, and 10.9 mm/yr in the eastern Nepal Himalaya,
along with associated earthquake potentials of M,, 8.3, M,, 8.5, M, 8.2, and M,, 8.0

through a “fault-based” approach, respectively.

6. To analyze interevent time, the best performed models are the lognormal, exponential,
and exponentiated Weibull. The best-fit lognormal distribution shows that the
estimated cumulative and conditional probability of a M,, > 6.5 event in the study
region reaches 0.90-0.95 in the next 12-22 years (2035-2045) and 25-36 years
(2048-2059), respectively.

7. To analyze the current state of developing earthquake cycles in the study region
through natural time counts, the best-fit model turns out to be Weibull. The EPS
from the best-performed model corresponding to M,, > 6.0 events at 30 major
cities in Kumaun-Nepal Himalaya ranges between 77% and 98% with the following
ranking in decreasing order: Birendranagar (98%), Nepalgunj (97%), Tilottama
(96%), Bageshwar (96%), Bhimdatta (95%), Budhanilkantha (95%), Butwal (95%),
Dhangadhi (95%), Gokarneshwar (95%), Almora (95%), Champawat (95%), Naini-
tal (95%), Dharan (94%), Janakpur (94%), Kathmandu (94%), Lalitpur (94%),
Pithoragarh (94%), Udham Singh Nagar (94%), Itahari (93%), Biratnagar (92%),
Damak (92%), Hetauda (92%), Pokhara (92%), Bharatpur (91%), Birganj (91%),
Jitpur Simara (91%), Kalaiya (91%), Birtamod (90%), Ghorahi (80%), and Tulsipur
(77%).

The applied physical and statistical approaches in this thesis revealed that each segment

211



Chapter 6. Conclusions and Future Scope

Table 6.1: Slip rate, earthquake occurrence rate and earthquake potential along the Kumaun
and Nepal Himalaya

Section Slip rate of Slip-deficit rate Earthquake potential
MHT of MHT
Area based Fault based
(mmv/yr) (mm/yr) (M) (M,)
Kumaun 19.1 16.5 8.1 8.3
Western Nepal ~ 15.5 13.3 8.5 8.5
Central Nepal 13.8 11.3 7.9 8.2
Eastern Nepal 12.4 10.9 8.1 8.0

of the study area has the potential for significant earthquake(s) in the future. Consequently,
the integration of these two methodologies offers insight into high seismic hazard zones

across the study area.

6.3 Contributions through this research

The present research has following contributions towards a better understanding of the con-
temporary seismic hazard in the Kumaun-Nepal Himalaya using geodetic and earthquake

data:

1. The present work combines GPS and InSAR observations to obtain a state-of-the-art

high-resolution integrated velocity field in the Kumaun-Nepal Himalaya.

2. The thesis provides spatial distribution of seismic moment budget and associated
earthquake potential along the Kumaun and three various sections of the Nepal

Himalaya using an “area-based” comparison method.

3. The Bayesian inversion fault model enables fault characteristics and slip distributions
of the megathrust MHT along the study region. Essentially, the estimated slip rates
provide an earthquake potential in each section of the study area using a “fault-based”

comparison method.

4. The area-based probabilistic earthquake recurrence modeling and natural time anal-

ysis provide the conditional probability of large-sized earthquakes and the current
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state of developing earthquake cycles at several city regions, respectively. Emanated
conditional probability curves (hazard function curves) for different elapsed times
and residual times reveal long-term seismic hazard, whereas the EPS scores from
the nowcasting approach serve as a yardstick for a ranking of the major cities based

on their current seismic exposure.

5. Finally, the integrated velocity field, strain distribution, fault characteristics, slip
distribution, seismic moment budget, earthquake recurrence modeling, and natural
time analysis enable researchers to understand the contemporary seismic hazard
in the Kumaun and Nepal Himalaya, consequently aiding in social policy-making,
insurance strategies, urban planning, and various other practical applications for

end-users.

6.4 Future scope of the research

Below are several potential research avenues that could be developed and/or integrated to

advance the current thesis work.

1. Enhancing InSAR precision: Certainly, considering the challenges in phase un-
wrapping and coherence in InSAR data, incorporating techniques such as installing
high-coherence fixed objects or artificial reflectors on the ground could be an excel-
lent future scope for enhancing the precision and reliability. This can highlight the
potential for improving data quality and accuracy in InSAR applications, particularly

in areas where natural reflectors might be limited or less effective.

2. Estimating seismic budget through consideration of aseismic strain in analysis:
Activities that occur aseismically along a fault, unlike the locked behavior of the
fault, are generally viewed as less prone to causing significant earthquakes due
to the absence of prolonged strain buildup. Thus, creating models and measuring
the aseismic aspect within the overall strain buildup will offer a more practical
assessment of stored energy, crucial in gauging the current earthquake potential

along the Himalayan arc.
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3. Modeling coupling rates of the megathrust MHT using high-resolution inte-
grated velocity field: Modeling the coupling rate of the Main Himalayan Thrust
(MHT) from an improved high-resolution integrated velocity field involves delving
into the quantification of the interseismic coupling along the MHT. This could
encompass refining models that estimate the degree to which the tectonic plates are
interlocked or coupled, thus providing insights into areas prone to seismic release or
potential earthquake generation. Additionally, such advancements will contribute to
enhancing seismic hazard assessments by enabling a more detailed understanding
of regions experiencing greater or lesser coupling rates, thereby aiding in more

accurate earthquake forecasting and risk assessments.

4. Integration of seismic and geodetic data for fault kinematics: In the present
thesis, only geodetic-based results were considered to constrain fault parameters.
While geodetic data provides valuable insights into surface deformation, it has
limitations in revealing the geometry and behavior of faults at greater depths. Geode-
tic measurements alone may not fully capture the complexities of fault structure,
particularly in the deeper parts of the area. Therefore, integrating seismic data that
can provide information about the subsurface fault geometry and slip distribution
would be beneficial. This comprehensive approach would allow for a more detailed

calculation of fault kinematics, including a precise mapping of the fault.

5. Integration of geological and geodetic data with field investigation for fault
kinematics: While geodetic data offers precise surface deformation measurements,
geological data, including rock samples and stratigraphic information, provides
context about the fault’s history and structural characteristics. Field investigations,
such as mapping fault traces, studying outcrops, and analyzing sediment deposits,
can reveal past earthquake events and the physical properties of fault zones. By
combining these approaches, researchers can develop more accurate models of fault
slip behavior, including both the shallow and deeper parts of the fault system. This

comprehensive analysis would improve our understanding of the fault’s mechanical
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properties, help refine slip rate estimates, and provide a clearer picture of the seismic

hazard posed by these faults.

. Enhancing earthquake interevent time-modeling: This thesis explores modeling
the interevent time of large earthquakes using thirteen reference probability distri-
butions. Apart from the studied probability distributions that include conventional
(e.g. exponential, gamma, lognormal, Weibull, and Rayleigh), heavy-tailed (e.g.
Frechet, lognormal, Pareto, Levy, and Weibull), and exponentiated groups (e.g.
exponentiated exponential, exponentiated Weibull, and exponentiated Rayleigh),
beta-group of distributions such as the beta-exponential, beta-Weibull, beta-Frechet,
beta-Maxwell, beta-exponentiated exponential, and others can be implemented to
examine their suitability for the present earthquake catalogs of the Himalayan region.
Additionally, the present research derives hazard function curves for various elapsed
times and residual times, with potential future investigations focusing on functions
like the survival function and reverse hazard function for a more comprehensive

analysis of interevent times in the Himalaya.

. Understanding the physical implications of the nowcasting methodology: The
empirical nowcasting approach relies on a model rooted in “short-term fault mem-
ory,” assuming the total release of accumulated strain in a single seismic event. This
stands in contrast to the emerging idea of “earthquake supercycles” observed in
major earthquakes, displaying “long-term fault memory” and potentially leaving
residual stress. Exploring this discrepancy further, along with a detailed physi-
cal interpretation of the empirical nowcasting method, could be a focus for future

investigation.

. Enhansing seismic hazard using combined geodetic and statistical methods:
Future research can focus on combining geodetic results, such as crustal deformation,
strain measurements with statistical methods to enhance our understanding about

earthquake potential, interoccurrence times, and earthquake potential scores. By
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10.

11.

12.

integrating these data sources, researchers can refine the estimation of earthquake
potential and improve predictions for future seismic activity. This interdisciplinary
approach will lead to more accurate and comprehensive seismic hazard assessments,

aiding in better risk mitigation and preparedness strategies.

. Understanding the role of seasonal variations in seismicity modulation: Several

studies, such as Bollinger et al. (2007) [319] and Bettinelli et al. (2008) [320]
propose that the seasonal fluctuations in seismic activity in the Himalayas will
result from added compression in the region due to reduced pressure in the Indo-
Gangetic plains during winter. To truly comprehend how seasonal mass changes
impact seismicity, a precise measurement of stress alteration on the MHT is needed.
Additionally, delving into the mechanisms influencing seasonal changes in surface
deformation across the Himalayas will contribute significantly to understanding

these seismic fluctuations.

Combining GPS and InSAR data to achieve high-resolution crustal deforma-
tion mapping across the entire Himalayan arc: In the future, integrating GPS and
InSAR data could open avenues for comprehensive, high-resolution crustal deforma-
tion mapping across the entire Himalayan arc. This integration might enable a more
detailed understanding of the complex tectonic processes in this region. Further,
this approach can offer an enhanced perspective on seismic hazard assessment and

active tectonics along the whole Himalaya.

Exploring the impact of subducting ridges and rifts on Himalayan tectonics
remains a significant pursuit: Investigating how these features potentially con-
strain the scope of large earthquakes and studying their influence on fault geometry
and strain accumulation through GPS and/or InSAR observations is crucial. This
exploration would contribute significantly to a more accurate evaluation of future

seismic hazards in the region.

Seismic risk mapping: The insights gained from this thesis can contribute sig-
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nificantly to seismic hazard analysis along the Kumaun and Nepal Himalaya. A
prospective avenue for future work involves generating seismic risk maps by consid-

ering vulnerability factors and other pertinent aspects.
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