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QUOTES

1. “The greatest threat to our planet is the belief that someone else will save it.”— Robert
Swan

2. “Twenty-five years ago people could be excused for not knowing much, or doing

’

much, about climate change. Today we have no excuse.” - Desmond Tutu

3. “We are the first generation to feel the impact of climate change and the last generation
that can do something about it. "— Barack Obama

4. “By polluting the oceans, not mitigating CO, emissions and destroying our biodiversity,
we are killing our planet. Let us face it, there is no planet B.”” - Emmanuel Macron

5. “Climate change knows no borders. It will not stop before the Pacific Islands and the
whole of the international community here has to shoulder a responsibility to bring

about sustainable development.” - Angela Merkel

6. “To leave the world better than you found it, sometimes you have to pick up other people’s
trash.” —Bill Nye

7. “A vibrant, fair, and regenerative future is possible — not when thousands of people do
climate justice activism perfectly but when millions of people do the best they can. ”— Xiye
Bastida

’

8. “We do not inherit the earth from our ancestors, we borrow it from our children. -

Native American Proverb

9. “What you do makes a difference, and you have to decide what kind of difference you
want to make.” —Jane Goodall

10. “Look after the land and the land will look after you, destroy the land and it will destroy
you.” —Aboriginal Proverb



My Inspiration,

The Road Not Taken

Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could

To where it bent in the undergrowth,

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear,
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.

Oh, I kept the first for another day!
Yet knowing how way leads on to way,

I doubted if I should ever come back.

1 shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I-
1 took the one less traveled by,
And that has made all the difference.

— By Robert Frost, 1915 AD
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Abstract

In the context of the United Nations' declaration of the UN Decade on Ecosystem Restoration
(2021-2030), this doctoral work has rigorously explored the imperative of restoring coastal
ecosystems and enhancing the resilience of coastal communities in the face of mounting challenges
arising due to coastal hazards. A primary emphasis is given to coastal vulnerability, with a strong
focus on the outcomes of combining coastal hazards, and their complex interaction with the
utilization of land and land surface changes (LULC) dynamics. The coastal tracts of South Goa
have witnessed a profound economic transformation, primarily influenced by the tourism and
mining sectors. This rapid growth has led to urbanization, leading to adverse environmental
impacts. The State Action Plan for Climate Change (SAPCC) of Goa stresses about the shifting
environmental landscape in the region, revealing temperature increases, alterations in rainfall
patterns, and the impending sea-level rise.

In addition to coastal vulnerability, the research assesses climate trends over the four decades. The
trends and their effects on the coast are analyzed in relation to the broader issue of coastal flooding.
LULC assessment is a fundamental component of this study as it helped unravel the complex
interplay between human activities, environmental and geomorphological changes, and the
vulnerability of South Goa's coastal tracts. To gauge the anthropogenic influence deeply, a novel
and holistic model, Nigam-Kotha model of Anthropogeomorphic Impact at Ecumene (AGI@E),
is introduced to evaluate human influence on the geomorphology. The assessment showed
remarkable impact on geomorphology in taluka(s) which have witnessed high development and
thus, indicates the applicability of this model in globally measuring anthropogenic geomorphic
pressure in any ecumene. This doctoral work further encompasses a sea-level rise vulnerability
assessment, using land-use and elevation data to project inundation risks under diverse plausible
sea level rise scenarios. The findings show relationship between land-use changes, and sea-level
rise vulnerability, advocating the need for strategic interventions in low lying coastal areas to
mitigate coastal vulnerability. Later, it delves deeply into coastal vulnerability, by introducing a
robust Coastal Vulnerability Index (CVI), combining 21 physical and socio-economic variables to
offer a nuanced understanding of coastal vulnerability at village level.

Additionally, beach litter and air quality are introduced as essential indicators to gauge human
footprints in previously uninhabited regions of the study area. Overall, before 2000 A.D., the
region exhibited a balance between natural land covers and human activities, with significant
vegetation and minimal urbanization in all the taluka (s). However, post 2000 A.D., the coastal
landscape has witnessed rapid urbanization, industrial growth, and tourism-related developments.
This transformation resulted in the encroachment of natural land covers, habitat loss, deforestation,
and increasing vulnerability to climate change-induced coastal hazards. This doctoral work offers
a holistic methodology to examine the multifaceted relative coastal vulnerability within South
Goa's coastal tracts, which has never been attempted before. In a nutshell, this research and

XXV



research framework could significantly inform policy development and disaster management
strategies in developing countries and ultimately contribute to the sustainable development and
resilience of the region.
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Chapter-1

Introduction

1.1 Research Background

1.1.1 The Changing Climate

Climate change encompasses alterations in temperature and various meteorological patterns
resulting from a combination of natural and human-driven factors. While natural elements, like
solar cycle phases, predominantly influence climate dynamics, it is widely acknowledged that
contemporary alterations in Earth's weather are primarily driven by human activities, as
established by Haigh (1999), Howe et al. (2013), and Prakash (2021). It's crucial to emphasize that
global warming refers to the long-term increase in the Earth's average surface temperature,
primarily caused by the accumulation of greenhouse gases in the atmosphere, such as carbon
dioxide (CO;) and methane (CH4) and denotes the sustained rise in the Earth's average surface
temperature that has been observed since the pre-industrial era (from 1850 A.D to 1900 A.D).This
phenomenon is a significant aspect of climate change, leading to various environmental and
climatic impacts. This warming is generally because of the build-up of greenhouse gases such as
carbon dioxide, methane among the others, due to human activities such as land-use changes.
These gases trap gets warmth from the sun in the atmosphere, making a blanket around the earth
and eventually leads to a stronger greenhouse impact and higher temperatures. It is crucial to
understand that international warming is just one thing of climate change, and the term
encompasses broader adjustments in weather patterns past just temperature increases. It consists
of shifts in precipitation styles, sea level upward push, melting glaciers and ice caps, and
modifications in the frequency and depth of intense weather occasions like hurricanes, droughts,
and heatwaves (NASA, 2022).

It is a well-established reality that greenhouse gases and aerosols can substantially have an effect
on weather via changing incoming solar radiation and outgoing infrared (thermal) radiation, which
can be a part of Earth's energy balance. Changing the atmospheric concentrations of those gases
and particles can cause a warming or cooling of the climate system (IPCC, 2007). Since the begin
of the industrial era, the overall effect of human activities on weather has been a warming affect
(Betts et al., 2007; Steffen et al., 2007; IPCC, 2007). It is critical to understand that the human effect
on climate at some point of this era significantly exceeds recognized caused due to solar
adjustments and volcanic eruptions (Karl and Trenberth, 2003).

1.1.2 The Concept of Hazard Vulnerability

The examination of the vulnerability of human and natural systems to changes and fluctuations in
climate, along with their ability to conform to climate-related hazards, brings together



professionals from diverse fields such as climate science, development studies, disaster
management, health, social science, policy development, economics, and others (Brooks, 2003).
the definitions provided below assist to clarify the concepts pertaining to multi-disciplinary terms.

Table-1.1 Definitions of vulnerability and allied terms commonly used in the vulnerability studies.

1. Vulnerability | The IPCC Third Assessment Report (TAR) describes vulnerability
(IPCC Def.-1) | as “The degree to which a system is susceptible to, or unable to
cope with, adverse effects of climate change, including climate
variability and extremes. Vulnerability is a function of the
character, magnitude, and rate of climate variation to which a
system is exposed, its sensitivity, and its adaptive capacity.” (IPCC,
2001, p. 995)

il. Vulnerability | Moreover, The IPCC Third Assessment Report (TAR) also
(IPCC Def.-2) | describes vulnerability as Smit et al. (1999), the “degree to which a
system is susceptible to injury, damage, or harm (one part - the
problematic or detrimental part - of sensitivity)” (IPCC Def. 2) and
Sensitivity is in turn described as the “Degree to which a system is
affected by or responsive to climate stimuli” (IPCC, 2001, p. 894).
iil. Risk Risk is “Expected losses (of lives, persons injured, property
damaged, and economic activity disrupted) due to a particular
hazard for a given area and reference period. Based on
mathematical calculations, risk is the product of hazard and
vulnerability.” UN DHA, 1992.

A file from the International Strategy for Disaster Reduction which

separates “hazard factors” into two additives: “threat (determines
geographical place, depth and chance)” and
“vulnerability/capacities  (determines  susceptibilities  and
capacities)” (UN, 2002, sixty six).

iv. Exposure The exposure is defined in the same report as “The nature and
degree to which a system is exposed to significant climatic
variations.” (Brooks, 2003; IPCC, 2007)

V. Sensitivity The sensitivity is “the degree to which a system is affected, either
adversely or beneficially, by climate-related stimuli (IPCC, 2001,
p. 894). The effect may be direct or indirect (e.g., damages caused
by an increase in the frequency of coastal flooding due to sea level

rise).”
vi. Adaptive Adaptive capacity is “The ability of a system to adjust to climate
capacity change (including climate variability and extremes) to moderate

potential damages, to take advantage of opportunities, or to cope
with the consequences.” (Brooks, 2003; IPCC, 2007)




Vii.

Climate
hazards

Climate hazards may be defined in terms of absolute values or
departures from the mean of variables such as rainfall, temperature,
wind speed, or water level, perhaps combined with factors such as
speed of onset, duration and spatial extent. Hazards are also referred
to as climate events (Brooks, 2003; IPCC, 2007).

(Note: The term hazard is used throughout in this doctoral work to
refer specifically to physical manifestations of climatic variability
or change, such as coastal floods, storms and Sea level rise).

Viil.

Disaster

A disaster, as measured in human terms (lives lost, people affected,
economic losses) is therefore the outcome of a hazard, mediated by
the properties of the human system that is exposed to and affected
by the hazard (Brooks, 2003; IPCC, 2007).

1X.

Climate-
resilient
infrastructure

The infrastructure which is “planned, designed, built and operated
in a way that anticipates, prepares for, and adapts to changing
climate conditions. It can also withstand, respond to, and recover
rapidly from disruptions caused by 34 these climate conditions”
(Brooks, 2003; IPCC, 2007).

Exposure
indicators

E . g., storm surge
depth

Sensitivity
indicators
E.g., asset
condition

Adaptl_ve Adaptive capacity
Capacity indicators

E.g.. length of detour
around asset

Fig - 1.1 Components of Vulnerability (Source: US Climate Toolkit, 2015)

1.1.2.1 Physical vulnerability vs. Social vulnerability

There are basically two types of vulnerability, physical and social vulnerability. Physical
vulnerability is determined by the frequency and severity, or likelihood of occurrence, of a
particular type of hazard, whereas social vulnerability, which is inherent vulnerability is not
determined by physical factors (Brooks, 2003). The absence of damages from a hazard in an
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unpopulated area or an area with well-adapted human systems could be retrospectively considered
as "invulnerable" to that hazard. However, studies on the impacts of climate change have generally
examined factors such as the demography at risk of flooding due to projections of sea level rise
(Nicholls et al., 1999), and therefore focused on human exposure to hazards (social vulnerability).

1.1.2.2 Components of Coastal Physical Vulnerability

The first point of contact between the landmass and a coastal hazard is the coastline. In addition
to process-based factors, physical variables controlled by topography, such as the type of coastline
and coastal slope gradient and elevation, are major contributors to coastal physical vulnerability.

Hence, an emergent shoreline can be defined as a coastal region that has undergone a decrease in
sea level due to either global or local factors resulting in the exposure of otherwise drowned coastal
landforms above the high tide mark such as raised beaches. In contrast, a submergent coastline is
one where the sea level has risen due to a global sea-level change, local subsidence, or isostatic
rebound, with submerged or "drowned" landforms such as rias (drowned valleys) and fjords
(Davidson-Arnott et al., 2019).

According to the second principle of coastline classification, a concordant coastline is where bands
of different rock types run parallel to the shore, forming distinctive landforms such as coves.
Discordant coastlines, on the other hand, feature distinctive landforms because the rocks are
eroded by the ocean waves. The less resistant rocks erode faster, creating inlets or bays, while the
more resistant rocks erode more slowly, remaining as headlands (Jackson et al., 2005).

The gradient of coastal slope plays a crucial role in determining the likelihood of flooding in
coastal regions. Gentle slope is more prone to flooding than the locations having steeper slope as
gentle slopes retreat faster than steeper slope and wave energy can penetrate more inside the gentle
slope (Nigam et al., 2020). Coastlines can be categorized as a cliffed coast or abrasion coast based
on their coastal slopes, where marine action has resulted in steep declivities known as cliffs (high
slope). In contrast, a flat coast is one where the land gradually descends into the sea (moderate
slope), and a graded coast is one where wind and water action has produced a flat and straight
coastline (low slope) (Whittow, 1984).

Coastal regional elevation is another critical factor that influences coastal vulnerability and refers
to the common mean elevation of the coastal vicinity above mean sea level (MSL). It is an essential
parameter in the analysis of coastal vulnerability, as it provides an estimate of the extent of land
under threat by projected sea level rise (SLR) (Kumar and Kunte, 2012; Kumar et al., 2010), as
well as the sensitivity of the coast to flooding during a storm surge (SS) (Diez et al., 2007) or
tsunami. Hence, areas with high coastal elevation are generally considered less vulnerable, and
vice versa (Gornitz et al., 1994).



1.1.2.3 Components of Coastal Social Vulnerability

Coastal flooding poses a massive challenge in regions with human activities, leading to risk of
lives and assets. The world is presently going through a growing danger of coastal flood failures,
which can be attributed to the growing coastal population and the rise in sea level (Rosendahl,
2013; Rosendahl, 2016). The increment in human population can be both temporary and
permanent, because of seasonal migration and different factors (Cook, P.J. 1996).

The IPCC ARG report of 2019, explicitly states with a very high confidence that unsustainable
land-use and land cover modifications, deforestation, pollution, and their interactions adversely
affect the capability of ecosystems and groups to conform to climate change. Non-climatic human-
triggered elements increase the vulnerability of ecosystems to climate change. The coastal regions
are closely pressured because of the tremendous population increment, which is discussed above,
which has precipitated everlasting destruction of habitats and fragmentation of habitats.
Furthermore, engineering measures have additionally contributed to this destruction (Bulleri and
Chapman, 2010).

Reclamation of salt marshes and mangroves has taken areas in estuaries, intertidal bays, and inlets
globally (Gibson et al., 2007). Industrial development has altered and destroyed coastal
ecosystems, inclusive of rich coastal habitats. Globally, several major industrial centers are
situated on estuaries and in the area of urban areas and ports. As an end result, the primary impacts
on marine ecosystems has been the destabilization of shallow banks and accelerated erosion.
Beach erosion is a severe problem shared by many countries (Luijendijk et al., 2018).

Moreover, IPCC, 2019 highlighted with high confidence that the areas with large development
constraints encountering illiteracy, poverty, and low quality of life of the populations have an
excessive vulnerability to climatic hazards. Between 2010 and 2020, human mortality from floods,
droughts and storms have been 15 times higher in exceptionally prone regions compared to regions
with low vulnerability.

1.1.2.4 Risk vs Vulnerability

The community focused on natural hazards, which stresses on risk, and the community focused on
climate change, which stresses on vulnerability, are essentially examining the same processes.
However, this may not have always been immediately obvious, owing to differences in
terminology (Brooks, 2003; IPCC, 2007) but both are ultimately interested in the physical hazards
that endanger human systems.

According to the IPCC Def.-1 (Table-1.1), the vulnerability of a system is viewed as a function of
its sensitivity, while Def.-2 (Table-1.1) views vulnerability as a subset of sensitivity. [PCC Def. 1
clearly refers to biophysical vulnerability, where "sensitivity" plays an equivalent role to social
vulnerability in the context of human systems, while IPCC Def.-2 refers solely to social or inherent
vulnerability.



The division of vulnerability into social and biophysical vulnerability enables us to appreciate the
compatibility of the risk-based and vulnerability-based approaches (Brooks, 2003; IPCC, 2007).
The concept of biophysical vulnerability addresses the same issues as the concept of risk, or,
adopting the more precise terminology of Sarewitz et al. (2003), outcome risk. Therefore, if we
view IPCC Def. 1 as a definition of biophysical vulnerability and IPCC Def.-2 as a definition of
social vulnerability, the vagueness is cleared.

In other words, the threat posed to a coastal area by sea level rise depends on the rate at which it
occurs. The existing vulnerability of the system or region depends on the state of socio-economic
variables in question (IPCC def.-2). Hence, evaluating the existing (social) vulnerability is crucial,
as it constitutes the "baseline" from which any reduction of vulnerability to "acceptable" levels
through adaptation could take place (Nicholls et al., 1999; Parry et al., 2001).

1.1.3 Indian Coastal Region and Coastal Hazards

India is ranked as the third worst-affected country in the world due to climate-induced natural
disasters. The coastal regions, mainly, are surprisingly prone to these disasters due to the rapid
urbanization, high population densities, and related economics activities. The 7,517-km-lengthy
coastline is home to 260 million of population, that's equal to one-third of India's population. These
people live in low-lying areas within 50 km of the sea coast and are perennially exposed to climate
variability and extreme weather events (Roy, 2019).

India's shoreline has already been affected by the sea level rise (SLR) that has been recorded at a
rate of 2-5 mm according to 12 months since 1950s. This situation has led to a projected rise in
sea level along India's coast by 2050, ranging from 15 to 38 cm. This rise is likely to affect 5,763
sq. km combined area of the coastal states. The result will be the submergence of coastal areas,
flooding, and an increase in tropical cyclones and storm surges, thereby threatening infrastructure
events (Roy, 2019).

In recent years, India's coastal regions have become more vulnerable to multiple risks related to
climate change. Intense and more frequent cyclones such as the recent Fani, Gaja, and Hudhud, as
well as severe floods, have caused massive devastation to the country's coastal states (Business
Today, June 7, 2019; Roy, 2019).

This situation has made it highly challenging for most of the coastal states to rebuild the critical
infrastructure and to recover from the consequent disruptions caused by disasters. For example,
the August 2018 floods in Kerala destroyed 280,000 homes, 140,000 hectares of status vegetation,
and approximately 70,000 km of transport network. The total recovery needs of the State were
estimated at INR 310 billion, according to the Post Disaster Needs Assessment conducted by the
UN Agencies (UNDP, 2018; Vijayan, May 15, 2019). Similarly, the April 2019 cyclone Fani
damaged 500,000 houses, 6,700 hospitals, and 100,880 lakh ha. of agricultural land. Electricity
infrastructure was also damaged, bringing the total losses to INR 500 billion. Studies and the
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damage assessment report indicate that it will take the coastal states about five to 10 years to
rebuild and recover (Business Today, June 7, 2019).

The grass-root reasons behind the high vulnerability due to coastal extremes are severe degradation
of sand dunes (Cabral et al., 2017) and mangroves ecosystem (Amosu et al., 2012) along the
coastal regions. These factors, among others, such as risks related to climate change and its impact
on infrastructure, are yet to be integrated into the urban development planning paradigm in coastal
India. In addition, most of the infrastructure planning in coastal states such as water, sewage,
telecommunication, and roads lie with various government departments that have no integration
point for multi-sectoral development (Roy, 2019). These factors cumulatively increase the coastal
vulnerability.

1.1.3.1 Increasing Coastal Hazards Vulnerability along the West Coast of India

India is presently considered to be at an excessive risk of experiencing severe cyclones because of
the thermal expansion of sea water due to warming oceans (Rao et al., 2020). This phenomenon
leads to a significant increment in the frequency of storm surges and cyclones in coastal areas
(Weisse etal., 2012; Lin et al., 2013). Between 1877 and 2005, India's coastal regions experienced
a total of 283 cyclones, with 106 of them being severe and taking place at the east coast, while 35
have been much less severe at the west coast (Roy, 2019).

A latest research study by the scientists of the Indian Institute of Tropical Meteorology (II'TM)
underneath the Ministry of Earth Sciences (MoEF) has proven a decline in the frequency of
cyclones in the Bay of Bengal as compared to the Arabian Sea. Over 19-year period between 1982
and 2002, there has been an 8% decrease in the frequency of cyclones over the Bay of Bengal.
However, throughout the identical duration, there was a 52% upsurge in the frequency of cyclones
over the Arabian Sea (Deshpande et al., 2021).

One of the reasons for this increase in the frequency of cyclones over the Arabian Sea is global
warming. The surface temperatures of the Arabian Sea have has increased gradually all through
the past century, and the temperature now is 1.2—1.4 °C higher than the temperature witnessed 4
decades ago. These warmer temperatures support active convection, heavy rainfall, and intense
cyclones (Singh and Roxy, 2022). The rising temperature is eventually enabling the Arabian Sea
to supply ample energy for the intensification of cyclones (Deshpande et al., 2021).
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Fig-1.2 Sea Surface Temperature (SST) prior to Cyclogenesis—for (a) Arabian Sea pre-
monsoon, (b) Arabian Sea post-monsoon, (c) Bay of Bengal pre-monsoon and (d) Bay of Bengal
post-monsoon. (Adopted from: Singh and Roxy, 2022).

According to Singh and Roxy, 2022, the total SST change over the Arabian Sea during 19822019
is 1.4°C in the pre-monsoon and 1.2°C in the post-monsoon season. While over the Bay of Bengal,
the observed change in SST is 0.8°C in the pre-monsoon and 0.5°C in the post-monsoon (Fig.-
1.2). In addition, Tiwari et al., 2022, found that the proportion of Arabian Sea cyclones was
initially 1:4 compared to the Bay of Bengal, but the study found that it has become 2:4 from 2001-
2020. For example, in 2019, out of a total of eight cyclones in the North Indian Ocean, five were
formed in the Arabian Sea. The total figure was seven for 2018, including three over the Arabian
Sea. Not just the frequency, even the intensity of the cyclones over the Arabian Sea also are
changing.

Moreover, as compared to earlier period, during 1980-2019, the intensity of the Arabian Sea
cyclones during the pre-monsoon season (April-May) has increased by 40% and by 20% during
the post-monsoon season (October—December). Resultantly, the accumulated cyclone energy has
also shown increment in the Arabian sea cyclonic episodes which are not highly significant in the
Bay of Bengal during the similar period.
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Fig-1.3 Lifetime Maximum Intensity of Cyclones and Accumulated Cyclone Energy during pre-
monsoon and post-monsoon period between 1990-2019 in the Arabian sea and Bay of Bengal
(Adopted from Singh and Roxy, 2022).

This trend clearly suggests that the India’s west coast needs to get prepared for more frequent and
stronger storms (Fig.-1.3). The Arabian Sea is supplying ample energy for the intensification of
cyclones, and the increasing temperature is enabling it to do so. The warmer temperatures are
supporting active convection, heavy rainfall, and intense cyclones, which are all contributing to
the increase in frequency of cyclones over the Arabian Sea (Deshpande et al., 2021).

Table- 1.2 Characteristics of the coastline along the west coast of India (values in percentage).

West Coast State Sandy Beach | Rocky Coast | Mudflats | Marshland
Gujarat 28 21 29 22
Mabharashtra 17 37 46 -

Goa 44 21 35 -
Karnataka 75 11 14 -

Kerala 80 5 15 -

Source: Rishi and Mudaliar, 2014

1.1.3.2 Current Threats along the Coastal Tracts of South Goa

South Goa is situated on the west coast of India and facing the Arabian sea. Over the past few
decades, the district has experienced an unprecedented economic boom due to tourism and mining,
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resulting in a significant increase in floating population (Noronha et al., 2002, Sawkar et al., 1998;
(Desousa, 1999).

In addition to the above facts, heavy immigration from other states has further contributed to the
population increase and has led to a rise in demand for city housing, all over the Goa state.
According to the Census of India, 2011, Goa's housing has tripled in relation to its decadal
population growth rate of 8.2 percent. The higher demand for city housing in Goa has led to more
construction and increased supply. Unfortunately, the rapid urbanization along the coast has
resulted in several negative consequences, such as deforestation, significant LULC conversion to
built-up, destruction of ancestral properties to build high rise infrastructure etc. Consequently, it
has prompted irreversible harm to the coastal landscape, along with the destruction of dune
vegetation, permanent elimination of several wetlands and coastal sand dunes, and localized
seashore erosion (Business Goa, November 1, 2018).

Despite the harmful impact of urbanization on natural landscape, coastal South Goa stays a popular
tourist vacation spot and a hub of financial interest, attracting both home and global visitors.
Therefore, it's very important for the authorities and stakeholders to cope with the challenges of
urban sprawl and enforce sustainable measures to maintain the natural landscape and promote
responsible improvement. More importantly, Goa's success as a model state in India depends on
how well it balances economic growth with environmental conservation and social welfare,
ensuring a brighter future for generations to come (Business Goa, November 1, 2018).

1.1.4 Need of the study

The United Nations has already declared the decade 0f 2021-2030 as the UN Decade on Ecosystem
Restoration, in pursuit to repair the coastal ecosystems (Fischer et al., 2021; Eger et al., 2022)
because the coastal communities across the globe need to brace themselves for a great deal more
challenging futures than what's presently predicted. It is vital to conduct researches on possible
coastal flooding impacts, to limit the human losses resulting from such threats (IPCC, 2019). The
IPCC ARG has stated (with high confidence) that human vulnerability in the future will keep to
concentrate in regions in which capacities to offer infrastructures and fundamental offerings are
least, and that coastal vulnerability can also be concentrated in rapidly growing casual settlements.
Additionally, rural regions' vulnerability could be increased because of diverse compounding
factors which include high emigration charge, sanitation, water, health, shipping, communications,
and energy.

Furthermore, policy planners at the national and subnational levels in coastal regions would
require a definite risk assessment that includes probability, occurrence, and the degree of potential
hazard to different infrastructure (Roy, 2019).

According to the State Action Plan for Climate Change (SAPCC) prepared in 2020 by the
Government of Goa, the state’s mean annual temperature has increased by over 1°C since the
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beginning of the 20th century till 2018 (1901-2018), much of it during 1990-2018 period. The
average yearly rainfall in Goa has grown by 68% between 1901 and 2015. Inter-annual rainfall
variability in the state has grown with rising rainfall, particularly since the 1970s. Moderate to
light rainfall days (IMD category I) have decreased between 1901 and 2015, and extremely heavy
and very high rainfall events (IMD category III) in the state have increased by more than 100%.

The SAPCC, 2020 report has also revealed that 14.73% of the land in Goa is under 15m elevation,
majority of it in the coastal zones which are severely vulnerable to coastal flooding. It is also
estimated that a one-meter sea level rise, would affect 7 percent of Goa's population and cause
damage worth Rs. 8,100 crores. In terms of coastal vulnerability, Salcete is the most vulnerable
taluka.

In addition, elsewhere as well, communities living in low lying areas, informal settlements and
whose livelihood is dependent mainly on low lying ecosystems including riverine ecosystems are
in particular the most vulnerable groups. Also, Marmugao, and Salcete, house more than 80% of
the population and are hubs of economic activity as well as, increasing popularity of Canacona
beaches attracts a huge amount of floating population.

Thus, it is imperative to determine the impact of anthropogenic influence in the coastal tracts of
South Goa, to pave the way forward on resilience to coastal vulnerability, which has been also
argued by Vaz (2017). This thesis work has adopted a robust and holistic methodology which
incorporates multi-disciplinary assessments to bring out the fact about the role of human
interaction in increasing the coastal vulnerability arising due to climate change induced coastal
hazards.

1.2 Study Area

1.2.1 Location

The study area is situated within the administrative boundaries of the coastal taluka(s) in South
Goa district, namely Marmugao, Salcete, Quepem, and Canacona, spanning between latitudes 15°
29'32" N and 14° 53' 57" N and longitudes 73° 46'21" E and 74° 20'1 1"E. Bounded by the Arabian
Sea to the west, North Goa district to the north, Uttar Kannada district of Karnataka to the south
and southeast, and Sanguem taluka of South Goa district to the east, the study area covers a total
geographical area of 1072.36 Sq. km (Fig.-1.4). It fully or partially encompasses five
topographical sheets 48E/16, 481/3, 481/4, 48]J/1, 48]/5) of the Survey of India.
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Fig-1.4 Location and physiographic map of the study area.

Table-1.3 Total geographical area under the study.

Taluka Area (Sq. km)
Marmugao 109.13
Salcete 292.94
Quepem 318.25
Canacona 352.04

Total area under study 1072.36

1.2.2 Physiography

Goa can be physiographically classified into the coastal tract, sub-ghat region, and high ranges of
the Western Ghats (Dessai, 2023), and the same holds true for coastal South Goa coastal taluka(s).
The study area has three natural divisions, namely, the coastal tracts, the plateaus, and the
mountain region.

1.2.2.1 Coastal Tracts (Low Lands)

Coastal South Goa is part of the Konkan area, with the low land area mainly consisting of
coastlines (Pombo, 2019). The western belt constitutes the coastal plains. While the central land
masses in this portion of Goa seem to have emerged from the sea, as is evident at Margao and
Canacona (Vaz and others, 2017). The formation of the major river systems, Zuari, resulted from
faults during the uplift of landmasses which flows in a westerly direction (Sharma and others,
2022). The coastal plains include beaches, mudflats, swamps, and fluvio-littoral plains. This area
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is fertile and dominated by tourism activities, hence thickly populated (Vaz et al., 2017).
1.2.2.2 Plateau Lands

The plateau region is located between the Western Ghats (Sahyadri) in the southeast and the
coastal plains in the west, as well as the Marmugao headland. Plateau land height ranges from 30
meters to 100 meters (Nayak. 1999), predominantly located in Marmugao and Quepem. The
eastern parts of Quepem are occupied by undulating uplands with gentle to moderate slopes,
intercepted by concave depressions comprising valleys mainly under paddy cultivation. The slope
gradients range from 5 to 20%, occasionally going up to 30% (Singh et al., 2018). This region has
a good amount of minerals such as iron-ore, resulting in extensive mining in this belt. Moreover,
plenty of lateritic stones are found, which are used for building purposes (Naik, 2017).

1.2.2.3 Mountainous Area

The Western Ghats are to the south and south-east of the research area. These mountains cover
around 33% of Goa's entire land area. The main hills range in elevation from 1022 m MSL
(Darsinga) to 251 m in Cape de Rama, where the Sahyadri protrudes into the Arabian Sea to the
west. This section is densely forested. Some of the mountains in this area are quite steep. This area
is home to several streams and rivers.

1.2.3 Topography

The study area boasts undulating topography with slope ranging from plain (slope <1%) to very
gentle, predominantly found in the coastal areas, and very steep (slope >35%) along the
southeastern boundary. However, gentle to moderate slope types are relatively evenly distributed
throughout coastal South Goa taluka(s) (Kamat, 1990; Dessai, 2023).

1.2.4 Geology

The study area's geology is primarily composed of the Goa Group formation, which belongs to the
Dharwad Super Group of the Archaean to Proterozoic age (Dessai, 2023). The metamorphic rocks
of green schist facies comprise this group, which are arranged in a general NW-SE direction and
indicate three folding cycles. The west coast's straight coastline suggests a significant fault, along
with several weak planes that have developed. A prominent fault zone is represented by the
Western Ghats, which extends in the N-S to NNW-SSE direction (Fernandes, 2018).

The Goa Group is intruded by granite gneiss, feldspathic gneiss, hornblende gneiss, and
porphyritic granite, followed by basic intrusive (Li et al., 2020). Additionally, metabasalts are
extensively exposed in Canacona and Marmugao taluka(s), along with small outcrops in Salcete
Taluka (Dessai, 2011). Greywacke with conglomerate exposures are found to occur in Quepem
and Canacona taluka(s) (Fernandes, 2018), while granite gneiss is found in a large portion of
Salcete taluka and limited exposures are in Quepem and Canacona (Dessai, 2023). Small outcrops
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of granite are found in Canacona taluka, while laterite occurs extensively, covering almost all
formations in coastal South Goa (Widdowson, 2009). Coastal alluvium is present as a thin strip
along the western part of Salcete taluka's coastal plains, consisting of fine to coarse sands with the
mixture of sandy loam, silt, and clay (Dessai, 2023).

1.2.5 Soil

The study area is characterized by a variety of soil types derived from three geological formations,
namely Basalt/Metabasalt, Granite/Granite gneiss, and Quartzite. Additionally, the soils are
associated with rock outcrops and laterite crusts.

The study area can be classified into four major types of soil, namely Laterite, Saline, Marshy, and
Alluvial soil. The Lateritic soil is the dominant soil type in the study area. Saline soil occurs in
flood plains of Zuari, Sal, Saleri, Talpona, and Galjibagh rivers in all of Salcete, Marmugao,
Quepem, and Canacona taluka(s). Marshy soil occurs in low-lying waterlogged and tidal affected
areas of Salcete, Marmugao, and Canacona taluka(s) and Alluvial soil occurs as very thin strip
along the coastline towards the western part of Salcete taluka and a limited exposure occurs in
Canacona taluka. It is well-drained, acidic with low pH, and organic content.

1.2.6 Coastal Geomorphology

Table 1.4 Coastal sand dunes area within 200m from the High Tide Line (HTL) in the study area.

Taluka Village Area of Sand Dunes Within 200m (in sq. m)
Marmugao | Pale-Velsao 31727
Cansaulim-Arossim 86217
Salcete Betalbatim 208409
Colva 196776
Cana-Benaulim 123149
Varca 363438
Cavelosim 613175
Canacona | Poinguinim 559886

Source: Goa State Diversity Board, 2020
1.2.6.1 Vasco - Bogmalo

This stretch of the coastline is composed of rocky headlands, sparsely wooded, hosting only two
primary beaches. The Baina beach is severely degraded and polluted (Nigam et al., 2021) while
the Bogmalo beach, lined by dense coconut trees, is more natural. This area comprises low sand
dunes, but some of them are obliterated. Towards the south, the coast is predominantly rocky
(Chicolna, Dabolim), with some pocket beaches and secluded coves such as the one at Hollant.
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1.2.6.2 Pale - Colva

The coastline from starting from Pale and up to the Mobor peninsula is a linear stretch
characterized by sand dunes which make up the most exquisite dune belt of the entire coastal zone
of Goa (Mascarenhas, 1998).

Velsao to Betalbatim coastal zone section consists of very prominent vegetated sand dunes.
However, at several places in this stretch, sand dunes have been flattened and obliterated
(Mascarenhas, 1998). At Velsao, the coastal area is defined by thick coconut plantations, with low
sand dunes (Wagle, 1995). Most of the shoreline is under threat of erosive processes, as evidenced
by eroded berms and uprooted trees (Fig-1.5 (a)).

At Colva, dune vegetation and coconut plantations, are still visible on either side of the main beach
point, which has turned into a crowded area (Fig-1.5 (b & ¢)).

1.2.6.3 Sernabatim - Cavelossim - Mobor

This coast is protected by sand dunes, varying in elevation, with associated vegetation, including
luxuriant casuarina plantations, as in Varca (Fig-1.5 (d)).Here also, several dunes have been
flattened and even removed and Several new coast perpendicular roads have been built during the
last few years. The Cavelossim - Mobor coastal strip is a unique sandy peninsula about 250 m
wide found between the ocean and the river Sal, is experiencing an exceedingly fast rate of buildup
(Mascarenhas, 1998).
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Fig-1.5 Drone imageries showing the linear sandy coast of Marmugao and Salcete; (a) Bogmalo-
Velsao stretch, (b) Colva beach, (¢) Colva beach parking area and, (d) Varca - Sernabatim beach
stretch.

1.2.6.4 Cola-Agonda-Palolem

This stretch starts at Cola where there are numerous small sandy pockets and beach fronts located
within promontories consisting of hill slopes that extend into the Arabian sea. The Agonda area
comprises a kilometer-long secluded beach between two wooded headlands, and is backed by low
sand dunes in the southern part only. The complete shoreline is prone to erosive forces, especially
in the northern part which is more evident due to monsoon inundation and severe erosion as seen
from a large number of uprooted trees lying on the beach (Mascarenhas, 1998).

Palolem is another popular beach between two thinly forested headlands, with the entire coastal
area dotted with coconut plantations. Low sand dunes are seen in the southern part, being less
prominent in the north (pic). Further south, Colamb beach between two promontories, and the
pristine Rajbag beach backed by dunes and with a lagoon at one end, are the two sandy areas,
where the dunes have been razed for a resort development.

1.2.6.5 Talpona - Galgibaga

This stretch comprises a linear beach with a minor wooded headland in between, characterized by
sand dunes, some as high as 6 - 8 m. At some places close to the existing parallel road, high dunes
have been razed and obliterated

Except for the mangrove dominant Maxem backwaters, the entire shore up to the southern border
is rocky but with vegetated slopes. Along this stretch, pocket beaches and sandy patches are found,
the most prominent being the secluded Xendrem beach with a rocky shore, and Polem beach,
which is less than a kilometer long and well protected with promontories and still mostly out of
reach from the human influence.

1.2.7 Climate

The study area has a tropical climate, and it receives rainfall from South-West monsoon winds
during June-September (Sachin and Rasheed, 2020). The mountain region receives more rainfall
than the coastal region (Nandargi and Mulye, 2014). The months of October-January have a cool
climate, whereas from February, the temperature starts rising and remains until May. May is the
hottest month whereas January is the coolest with a mean daily temperature of 30°C, and 23°C
respectively. The temperature is highest (around 33°C) in pre-monsoon months of April and May
and again in November. The humidity annually, is more than 60%, with a range from 80 to 90%
during the monsoon period (IMD, 2019).
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As a result of orographic influence, the rainfall increases towards the Western Ghats (Venkastesh
et al.,, 2021), with an average annual rainfall of 2875 mm (in Salcete taluka) & 2466 mm
(Marmugao taluka) respectively to 3825 mm (in Sanguem taluka). The annual rainfall
predominantly occurs during the monsoon months of June to September (more than 90%, and
about 32% of the annual rainfall is received during July (IMD, 2019).

1.2.8 Drainage Pattern

The drainage pattern in the study area have rivers which are navigable all year round, have their
source in the Sahyadri ranges and flow towards the west into the Arabian Sea, which is
approximately 60 kilometers away. Additionally, there are a number of streams and rivulets in the
study area and flow in a westerly direction, finally draining into the Arabian Sea, which also helps
the surface drainage (Wagle, 1982).

The rivers are both tidal and rain-fed, making them perennial, with the exception of Talpona, which
is partially perennial (Morakar and Kishan, 2021. Goa's surface water system is linked to eco-
development since it provides irrigation facilities for agriculture, produces biotic and mineral
resources, transports ore from the mining areas to the port, and ferries people and goods to different
parts of the state (Kamat, 1990). The principal rivers that flow through the study area are Zuari,
Sal, Galjibaga and Talpona. Zuari is the longest river in the state of Goa, and its second-largest
basin extends from Netravali (Sanguem taluka, South Goa district) to Marmugao.

In the area, the underlying rocks primarily govern the drainage system. The drainage pattern is
generally of the dendritic type. The river valley is "V" shaped in the western high hill ranges but
broadens in central midlands and becomes "U" shaped in the lowlands and coastal plains (Wagle,
1982).

Wetlands encompass a variety of habitats including marshes, floodplains and tidal marshes (Bassi
and others, 2014). Loutalim, Verna, Raia, and Curtorim villages in Salcete taluka are the most
prominent wetlands in the study area. The eco-sensitive low-lying areas known as Khazan lands
are influenced by tidal action and play a vital role in protecting the agricultural lands and
surrounding villages in the study area from tidal ingress through the use of complex bunds (Ansari
and others, 2012). The total Khazan land area within the study area is 9.26 sq. km.

1.2.9 Forest

According to the Department of Forest, the recorded forest cover in coastal South Goa is
approximately 300.71 sq. km (Table-1.5). The study area's vegetation cover comprises dense
forests of deciduous to moist deciduous type. The forests offer diversity due to variations in
altitude, aspect, soil characters, slope, etc. The major species found include Teak, Eucalyptus,
Bamboo, Cashew, Casuarina etc.
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Only high hills mainly in Canacona have evergreen forests, which are further divided into Semi-
evergreen forests. This occurs through intermingling between tropical evergreen and moist
deciduous forest, mostly above 500 MSL. The northern, southern, and eastern parts of Canacona
have dense forests. Moderately dense forests are found between high ranges of Western Ghats
and the gently sloping lands ranging between 150 m and 300 m. Laterite outcrops that are hard
and indurated have scrub forests with scanty vegetation. Commonly, luxuriant growth of grasses
is found (Bourgeon, 1989; Naithani and others, 1997).

The coastal tracts with marine alluvium are mainly covered with palms. The shoreline and the west
coast has a thick palm fringe with a small area covered by mangroves. While the estuarine
vegetation consisting of Mangroves also occurs along swampy riverbanks in isolated patches, of
Zuari, Tiracol and Galgibag rivers. The mangroves are found mainly at Durbhat and Cortalim in
the South Goa district. This vegetation occurs from sea level to an altitude of 100m (Singh and
others, 2004).

Table 1.5 Area under the forest in the study area.

Taluka Area (sq. km.)
Marmugao Nil

Salcete Nil

Quepem 114.91
Canacona 185.82

Total 300.73 |

Source: Department of Forests, Goa & Zoning Atlas Report
1.2.10 Demography

The Census of India for the year 2021 has not been conducted due to the Covid-19 pandemic in
2020-2021. Thus, this doctoral thesis has considered the demographic data of the 2011 census.
According to 2011 Census of India, the demographic statistics of the study area is provided below:

Table 1.6 Demography of the study area

Total Population Percentage Percentage Percentage
Taluka Pobulation Density/ |of  RuralOf Urbanto State
P Sq. Km  |Population [Population |Population

Mormugao (154561 1416 14.38 85.62 10.60

Salcete 294464 1005 27.85 72.15 20.19

Quepem 81193 255 44.63 55.37 5.57

Canacona 45172 128 72.47 27.53 3.10
Source: Census of India, 2011
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Table 1.7 Distribution of households and slum population in the study area

Average | No. of | Slum Percentage
Family | Slum Population | to total
No. of .
Taluka size Households slum
Households .
population
(in Goa)
Mormugao | 35702 4.33 4974 23625 90.01
Salcete 71717 4.11 265 1641 6.25
Quepem 19119 4.25 0 0 0
Canacona | 10239 4.41 0 0 0

Source: Census of India, 2011

Table 1.8 Distribution of working population (Total workers) by Industrial category.

Taluka Total Cultivators | Agricultural | Household | Other
Workers Laborers Industries | Workers
Mormugao | 62,162 1,332 732 877 59,221
Salcete 1,08,209 | 3,269 2,169 2,926 99,845
Quepem 32,890 3,684 4,289 708 24,209
Canacona | 19,048 5,009 1,920 767 11,352

Source: Census of India, 2011

1.2.11 Socio-economic

Transportation in the study area is facilitated by two National highways, NH 17 and NH 4A
(Dessai, 2023), as well as the Konkan Railway and South-Central Railway lines (Ranade, 2009).
Additionally, there is a major cargo handling Port at Mormugao and the Dabolim airport provides
connectivity to major cities within India and abroad. Margao city is considered as the commercial
capital in the study area (D’Mello, 2015).

Mining has been a significant contributor to the economic history of modern Goa, with the land
away from the coast being rich in minerals and ores such as iron ore, ferro manganese, and bauxite
(Dessai, 2023; Jakati, 2021). However, mining has been stalled in the region since the Honorable
Supreme Court cancelled 88 mining leases order in the state on February 7, 2018 (The Economic
Times, Feb 7, 2018) due to environmental concerns raised by open-cast mining which severely
affects the environment and the land use pattern.

The industrial landscape of the study area has diversified since liberation in 1961, with tourism,
electronics, automobile accessories, pharmaceuticals, and agro chemicals being some of the
prominent industries. The region has emerged as a manufacturing base for several leading
companies, with pharma industries being mostly located in Verna industrial area in Marmugao
taluka (Govt. of Goa, 2018).
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The services sector is dominated by tourism, which is the largest segment. The study area is famous
for its natural and cultural landscapes. Colva beach, Agonda beach, and Palolem beach are some
of the major beaches in South Goa district. Additionally, relics of rich Portuguese architectural
legacy can be seen throughout the study area (Govt. of Goa, 2018).

Tourism activities in the study area is thriving. However, specific tourist arrival data for the study
area is not available. Nonetheless, Goa state has seen a significant influx of tourists in recent years
which indirectly indicates towards the tourism impact in the study area.

Table 1.9 Number of tourists (in million) arrivals, domestic & international between 2012 and

2020 in Goa state.
Year Domestic International
Tourists Tourists

2012 | 2.34 0.45
2013 2.63 0.49
2014 3.54 0.51
2015 4.76 0.54
2016 5.65 0.68
2017 6.90 0.89
2018 7.08 0.93
2019 7.12 0.93
2020 3.26 0.3

Source: Department of tourism, Govt. of Goa

1.3 Aim & Objectives of the study
o Aim

To determine the role of anthropic pressure on natural landscape thereby influencing coastal
hazard vulnerability arising due to anticipated climate change.

o Objectives

* To conduct multi-temporal climate trend analysis, to find out climatic variations in the
study area.

* To determine the anthropogenic impact (human footprints) on local environment and
geomorphology by quantifying multi-temporal LULC changes, Anthropo-Geomorphic
Process (AGP), beach litter, air quality assessments in the study area.

* To determine the coastal flood vulnerability induced by compounding effects of coastal
flood drivers. To identify future hazard zones in the study area.
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* To create a Comprehensive Coastal Vulnerability Index (CCVI) comprising of different
parameters from interdisciplinary domains.

1.4 Scope of the study
1.4.1 Spatial Coverage

The study focuses on the coastal tracts of South Goa district, specifically the regions of Marmugao,
Salcete, Quepem, and Canacona talukas. This geographical area covering a total area of
approximately 1072.36 sq. km.

1.4.2 Temporal Coverage
The study employs various temporal windows for different assessments:

* Climate Trend Analysis (1981-2020): This is a long-term analysis spanning 40 years, from
1981 to 2020. It aims to identify trends and patterns in weather conditions.

¢ Multi-temporal Assessments (2000-2020): These assessments cover the past two decades,
from 2000 to 2020. They include Land Use/Land Cover (LULC), Anthropogenic
Geomorphic Processes (AGP), and Sea-Level Rise (SLR) assessments. This allows for the
evaluation of how human activities have impacted the landscape and coastal processes
during this time frame.

* Air Quality Assessment (Seven-Years): Due to data availability constraints, the study
assesses air quality over a seven-year period. This analysis aims to understand variations
in air pollution levels in the region.

* Beach Litter and CCVI Assessment (Present Time): The assessments for beach litter and
CCVI are conducted for the present time, offering a snapshot of the current state of these
factors in the coastal area.

1.4.3 Research Population

The research considers not only the permanent population residing in the studied talukas but also
includes the floating population who have a significant impact on the coastal environment.

1.4.4 Theory

The core theory underlying the research is the recognition that anthropogeomorphic processes,
which result from human activities, are currently the most dynamic forces shaping the
geomorphology (physical landscape) of the coastal area. These processes not only alter the
landforms but also significantly heighten the region's vulnerability to various coastal hazards,
particularly those induced by climate change.
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1.4.5 Purpose

The primary purpose of this research is prove the dominant influence of human activities in
increasing coastal vulnerability and to provide a holistic and robust methodology to explore how
human activities and geomorphological processes interact in the coastal region and eventually
exaggerate coastal vulnerability. Specifically, it aims to quantify various key variables, including
the impact of Anthropogenic Geomorphic Processes (AGP), the potential impact of coastal
hazards, and the overall vulnerability of the area. It seeks to unearth the role of human activities
in increasing coastal hazards, which is critical in the context of climate change assessment. This
doctoral work has created a novel methodological framework, by combining different
interdisciplinary assessments that can comprehensively quantify the spatial coverage of coastal
hazards and elucidate the role of human activities in increasing vulnerability.

1.4.6 Constraints in conducting Research

The current research does not have resources to acquire costly high resolution Data Elevation
Model and satellite imageries and advance hydrological modelling software.

1.4.7 Field Study

To gather empirical data, the research includes various field activities.

* Collected beach litter covering the study area’s coastline, to assess litter presence during
usual peak tourist period and the period of total tourism absence.

* Collected Ground Control Points (GCPs) for supervised LULC assessment using
geospatial techniques.

* Conducted extensive photographic surveys to collect the visual evidence of the impact of
Anthropogenic Geomorphic Processes (AGP) in the coastal landscape.

* Photographic survey.

1.4.8 Potential Assistance in Policy-Making

This doctoral work holds the potential to inform policy-making in several ways:

* By providing a novel and robust methodological framework for quantifying the spatial
coverage of coastal hazards and vulnerability.

* By shedding light on how anthropogenic activities contribute to increased vulnerability.

* By offering insights into the coastal management strategies needed to address these
challenges and enhance resilience to environmental hazards.

1.5 Limitation of the study

* Index Based vs. Modelling Based Approach
An index-based approach involves the development of an index or a set of indicators to assess a
particular aspect or vulnerability of a region. It relies on collecting data for these indicators and
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then combining them into a single numerical value or index score. The resulting index provides a
relative measure of vulnerability, allowing for comparisons between different regions or over time.
Index-based approaches are often more straightforward, cost-effective, and accessible. They are
particularly useful when comprehensive data and computational resources are limited.

On the other hand, Modeling-based approaches involve the use of sophisticated computer models
to simulate complex processes within a region. These models can provide detailed and quantitative
insights into the absolute vulnerability of a region, considering various factors and scenarios. They
are well-suited for regions where advanced data and modeling capabilities are available and
necessary.

This doctoral work acknowledges the limitations of using an index-based approach, which
primarily provides relative vulnerability assessments. However, it highlights the need for baseline
data on coastal vulnerability, especially at the local level, which is often lacking in most of the
developing countries especially, South Asian countries. To address this data gap, this doctoral
work has deliberately incorporated and modified the index-based approach to provide a
consolidated quantitative value for coastal vulnerability. The modification includes a holistic
assessment that considers relevant physical and social geographical variables, making the
assessment more comprehensive.

The aim is to create a robust, practical and holistic CVI framework for determining relative coastal
vulnerability in regions where sophisticated assessments may not be feasible due to cost
constraints.

The study acknowledges that it can only provide relative vulnerability assessments, but it
emphasizes the value of this approach in collecting baseline data, which can be invaluable for
disaster management and regional planning authorities, especially in economically disadvantaged
coastal regions.

* Medium Spatial Resolution of SRTM DEM
High to very high resolution Digital Elevation Models such as LiIDAR and other L-band data
elevation products are not free available for the study, therefore, due to the absence of any choice,
this doctoral work has incorporated most suitable freely available, medium resolution SRTM 30
m DEM product downloaded from the USGS Earth Explorer. However, the use of medium-
resolution data does come with limitations and in comparison LiDAR data, for example, offers
much higher spatial resolution and accuracy.

Keeping the limitation in mind, this doctoral work has employed techniques like resampling to
improve the spatial resolution of SRTM 30 m DEM Additionally, the SRTM DEM has been
combined with the ground-truth data, to assist in enhancing its utility and accuracy for LULC

mapping.
* Gridded Meteorological Dataset in Place of Point Based Meteorological Dataset
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Due to the unavailability of the ‘point based more accurate’ IMD meteorological data, the present
doctoral work has incorporated the ‘gridded” NASA POWER dataset. However, the utilization of
the NASA POWER datasets is a pragmatic and justifiable choice. Here's an exploration of the
rationale behind this decision:

The NASA POWER datasets are global, gridded meteorological datasets that provide climate and
weather information at high spatial and temporal resolutions. They are widely recognized and
accepted in regions around the world, especially when point-based meteorological data is not
readily accessible. The use of NASA POWER datasets is a common practice in climate studies.
These datasets offer a variety of climatic variables spanning nearly four decades, which is essential
for conducting comprehensive climate trend analyses. It's essential to acknowledge the potential
limitations of using gridded datasets, as they may not capture localized variations as accurately as
point-based data. Validation and cross-referencing can help ensure the reliability of the results
derived from gridded datasets.

Keeping the limitation in mind, this doctoral work also conducted a robustness assessment
(correlation analysisO of the NASA POWER datasets with the point-based IMD datasets, to
validate their suitability for climate trend analysis in your study area.

* Limited Period of Air Quality Data
The air pollutants data was acquired from Goa State Pollution Control Board (GPCB) website,
which has made the air pollution data public only recently in 2021. However, the oldest data
available on the website is of 2014. Hence, data unavailability has led to only seven years of air
pollution analysis in the study area.

The doctoral work acknowledges that the long-term data is ideal for detecting trends and patterns,
however, short-term data can be sufficient to identify immediate concerns, seasonal fluctuations,
and responses to specific events or interventions. However, the seven years of air pollution data
has successfully assisted in showing human influence proxy in the study area.

* Bathtub Hydrological Modelling
This doctoral work has used a modified bathtub approach with local DEM to delineate future SLR
inundation areas. The decision to use the modified Bathtub inundation model can be attributed to
the two constraints:

» Lack of access to more sophisticated hydrological models like MIKE-21 or others.
+ Cost considerations, as advanced hydrological models often require substantial resources,
including licensing fees and computational power.

Keeping the limitation in mind, this doctoral work has adopted a modified bathtub inundation
modelling. In contrast to the old "bathtub" model, which assumes that land elevations below
expected sea levels would be flooded, the updated model takes into consideration hydrological
connection (HC), which exclude inundation areas that are separated from open water (sea water).
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There are two kinds of HC rules: "four-sided" rules and "eight-sided" rules. The "four-sided" rule
posits that a grid cell in the DEM is hydrologically linked if any of its cardinal directions connect
to a flooded cell, whereas the "eight-sided" rule implies connectedness on both cardinal and
diagonal directions. The former rule has the ability to underestimate SLR consequences, whereas
the latter has the capacity to overstate them. The "eight-sided" rule was chosen for the study merely
because overestimation is typically more acceptable for planning reasons.

However, the study employs a comprehensive bottom-to-top approach, from the village to taluka
levels, to mitigate these limitations and provide as accurate an assessment as possible.

1.6 Outline of the thesis
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Fig - 1.6 Components of the Thesis.

The current study has determined how the increment in anthropogeomorphic process swells up
coastal vulnerability, which is rapidly increasing due to climate change.

The current doctoral work is study interdisciplinary which consists of a total of seven quantitative
analyses and assessments of physical and human geographic variables. It has predominantly
followed quantitative approach to determine the results. The qualitative variables have been
transformed into quantitative variables by deploying novel index based approaches (AGP and CVI
quantification). The nature of the study is primarily inductive, which has assessed various
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geographic phenomena from different realms of earth sciences (physical and human geography,
coastal and applied geomorphology, climatology, environmental science and remote sensing
techniques) as the separate building blocks, which have been combined together to get the results
as a single quantitative values.

This doctoral work is divided into nine different chapters. The overview of the objectives is as
follow:

* Objective 1 - Climate Trends Analysis: This objective focuses on analyzing how the
weather patterns has been trending in the study area over a 40-year period, from 1981 to
2020. The goal is to understand if there have been significant changes in the weather
patterns of the study area such as; rainfall, temperature, land surface temperature etc.,
which can be crucial for assessing potential climate-related risks.

* Objective 2 - Anthropogenic Impact Assessment: This objective aims to quantify the
impact of human activities on the local environment and the shape of the land
(geomorphology) in the coastal tracts. It involves assessing how human induced land-use
change activities have altered the natural landscape. The goal is to determine the extent to
which human actions have modified the coastal environment between 2000 and 2020
periods.

* Objective 3 — Multi Hazard Inundation Mapping and Assessment: This objective is
concerned with evaluating the potential impact of coastal hazards on the study area. It
examines the associated with events like storm surges, sea-level rise and how they might
affect the study area. The aim is to understand the magnitude of these hazards
consequences, in terms of future inundation zones in the study area.

* Objective 4 - Coastal Vulnerability Assessment: This objective seeks to quantify how
vulnerable the coastal area has become due to human activities in the last 20 years (2000
to 2020) in different talukas (sub-districts) within the study area. It aims to identify which
specific areas are more susceptible to coastal hazards and where vulnerabilities are most
pronounced. The goal is to provide a localized assessment of risk within the study region.
In summary, these objectives collectively provide a comprehensive view of
the environmental changes, climate trends, human impact, and vulnerability to coastal
hazards in the study area. The research aims to contribute valuable data and insights that
can inform policy-making and management strategies for the coastal region, ultimately
enhancing its resilience to environmental challenges.

The overview of the chapters is as follow:

* Chapter -1
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The chapter discusses about the background of the research, the study area, aim, objectives, scope
of the study and limitations.

* Chapter-2

The chapter discusses about the extensive literature survey pertaining to the thesis objectives.

* Chapter-3

The chapter discusses about the different methodology employed in the assessments conducted to
accomplish the objectives of the thesis.

* Chapter-4
The chapter discusses the meteorology in the study area by analyzing the multi-temporal (1982-
2020) trends of six climatic variables namely; precipitation, minimum temperature, maximum
temperature, temperature range, earth skin temperature and cloud amount using Mann-Kendall
method and Pearson correlation coefficient to claim that local climatic trends are becoming more
or less conductive for the increment in coastal hazard vulnerability.

* Chapter-5

The chapter discusses about the regional development by assessing the decadal land use and land
cover changes, carried out for the period of 30 years (1990, 2000, 2010 and 2020). The assessment
has provided the status of changes land use during the last three decades. The assessment has used
Landsat-5,7 & 8 imageries processed in ArcGIS software to create LULC maps at 1:25000. The
LULC maps have been created using ‘level-1" classification given by the National Remote Sensing
Centre, India. This level classifies the land use under five categories; agriculture, built-up, forest,
water body and others which comes under. Although ‘level-1’ classification has low spatial
resolution as compared to ‘level-2’ classification however, this was the actual requirement for the
current study because these results have also been used as the input in the anthropogeomorphic
process assessment as well as it also assisted in determining the increment in human foot prints in
the study area.

* Chapter-6
This chapter discusses about the importance of traditionally neglected and recently emerging
subject of ‘ Anthropo-geomorphology’ in influencing hazard vulnerability in a given area. A novel
methodology has been used to quantify the impact of anthropogenic activities upon geomorphic
processes and landforms. The equation is data intensive which requires data from various sources
such as; remote sensing (data elevation model), geology (rock type), geomorphometry (slope and
aspect) and socio-economics (census data). Using this novel equation, the resultant value gets
quantified into an index. Higher the value, higher the anthropic stress on geomorphology. This
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assessment has been found to be very effective especially for the hazard vulnerability assessments
as it could quantify the anthropogeomorphic impact by combining physical and human aspects.

* Chapter-7

Air quality analysis: This chapter discusses the atmospheric phenomenon by analyzing the current
status of air quality to describe anthropogenic pressure on the atmosphere in the urban centres and
mining belt of the study area. Seven-year available pollutant (PM;9, PM 5, SO, and NO,) data
(2014-2020) was divided into two different periods (monsoon and non-monsoon) to determine air
quality. Later, the Exceedance Factor (EF) method given by the Central Pollution Control Board
(CPCB) was applied to determine the status these air pollutants in comparison to prescribed
standard values.

* Chapter-8

This chapter discusses about the coastal environmental pollution. The significance of litter as one
of the most potent agent of land as well as an important proxy to determine human footprints in
an area. Spatio-temporal beach litter collection surveys were carried out to collect litter from 4 of
the south goa popular beaches; Baina (Marmugao), Velsao (Marmugao), Colva (Salcete) and
Palolem (Canacona) during two different periods. Covid-19 lockdown phase was specifically
chosen along with January (peak tourist period in Goa) to compare and contrast the litter
concentrations during both the periods. Covid-19 induced lockdown provided a rare window when
all the outside activities were banned was compared to peak tourist period. This chapter discusses
crucial findings about the anthropogenic footprints in the study area.

* Chapter-9

This chapter discusses about the coastal hazard. It is about the risk and vulnerability arising due
to anticipated coastal flooding. It is becoming evident around the world that the increment in sea
level would most likely inundate the wetlands due to which the high tide line would shift inland
and habitable coastal land area would shrink. More alarming is the higher amount of sea level due
to which ‘new hazard zones’ would emerge. Hence, this chapter deals with coastal flood
inundation modelling and mapping of the study area. Scenario based approach was implemented
using bathtub modelling technique. Three different sea level rise scenarios have been created and
each of them has been overlaid upon the data elevation model (DEM). This assisted in quantifying
total area under the risk of inundation (in sq. km) in each taluka as well as the LULC map was also
overlaid upon the inundation maps which determined inundated area under each of the land use
type. Coastal flood inundation modelling assisted in determining plausible ‘new hazard zones’
which may emerge by 2100 AD in the study area, as well as, it provided inundation zone maps
and statistics which have been used as the input data as ‘hazard variable’ in the CCVI (Chapter-
8).

* Chapter-10
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This chapter sums-up all the above factors along with other physical, geological and socio-
economical vulnerability factors to determine a singular quantified score of coastal vulnerability
for each of the taluka(s), first by evaluating the CCVI at village and then adding them up to
determine the coastal vulnerability at taluka level. A robust index based approach has been used
which consists of 21 variables are considered to compute the index scores. 10 physical variables:
coastal slope, coastal regional elevation, percentage of sandy coast, sand dune density, vegetation
behind the beach, rate of relative sea-level change, shoreline change (erosion or accretion) rate,
mean tidal range, significant wave height, plausible storm surge height and 11 Social variables.
This chapter also highlights the CCVI itself because most of the CVI studies previously conducted
in India or abroad has focused on district or state level scale and generally considered two to three
socioeconomic variables to calculate the CCVI. However, this detailed study conducted at the
village level included 11 social variables to reveal the smallest of differences among the population
under the scope of the study to estimate the vulnerability index.

* Chapter-11
The chapter discusses about the synthesis between all the above analyses and assessments. This is
the first study which has tried to incorporate all these analyses and assessments together to
determine a singular hazard vulnerability score thus, this chapter discusses the interrelationship
among all these assessments as well as their individual significance as how they contribute as the
building blocks influencing coastal vulnerability, which together made an index based coastal
hazard vulnerability score more robust than ever.

* Chapter-12

The final chapter discusses about the conclusion, research novelty of the present doctoral work,
and the recommendations.
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Chapter-2

Literature Review

2.1 Changing Climate Trends and Global Warming in the Coastal Areas

According to the IPCC’s, the Sixth Assessment Report (AR6) has unequivocally concluded that
the significant increment in the amount of CO,, methane, and nitrous oxide inside the atmosphere
is the product of human activities. The report further asserts that anthropogenic activities are the
primary driver of many modifications found across the surroundings, ocean, cryosphere, and
biosphere. Therefore, it's far high time that we take decisive motion to mitigate the effect of climate
change.

According to the IPCC’s, the Fifth Assessment Report (ARS), it is an undeniable truth that human
activities have been the most dominant primary driving force behind the drastic climate change
that has emerged through the years. This can be majorly attributed to the burning of fossil fuels
like coal, oil and gas, which has led to the emission of copious amounts of greenhouse gases,
thereby causing almost 100 % of the warming that has been witnessed since 1950. The evidence
that supports these findings is compelling and leaves no room for doubt (Forsters et al., 2007).

A multitude of factors come into play while measuring the numerous elements that affect the
quantity of energy that reaches and stays within the Earth's weather. These elements, known as
"radiative forcing". It contains greenhouse gases that inhibit outgoing warmth, aerosols emanating
from each human activities and volcanic eruptions that reflecting incoming daylight and have an
impact on cloud formation, changes in sun output, modifications within Earth’s albedo due to land
use changes etc.
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Fig 2.1 Radiative Forcing Caused by Human Activities Since 1750. This figure shows the total
amount of radiative forcing caused by human activities—including indirect effects—between
1750 and 2011. Radiative forcing is calculated in watts per square meter, which represents the
size of the energy imbalance in the atmosphere. Each colored bar represents best estimate,
while the thin black bars indicate the likely range of possibilities. The natural change in the
energy received from the sun over this time period is provided for reference. Source: (IPCC,
2013).

Although the amount of sun energy that earth receives has passed through minor fluctuations
following the Sun's 11-year cycle, without net growth since 1950s, but the global temperature
has marked an upward rise during the same temporal period. Hence, it's extraordinarily
unlikely that the Sun could have been liable for the observed global temperature warming trend
over the past half-century, thus indicating anthropogenic influence.

Moreover, since 1750 A.D, the average amount of the incoming solar energy has either
remained constant or grew slightly. In the event that more active sun had caused the warming,
scientists would have expected hotter temperatures in all layers of the environment. However,
as opposed to the temperature increment in all the atmospheric layers, they have noticed a
cooling within the top surroundings and a warming at the bottom and lower layers of the
atmosphere. This is because greenhouse gases are gradually and uniformly slowing heat loss
from the lower atmosphere, leading to warming in these layers and at the earth surface.

The combustion of fossil fuels offers upward thrust to greenhouse fuel emissions that act like a
warm layer covering the earth, trapping the sun's energy and elevating temperatures to unparalleled
stages. The culprits in this weather alternate conundrum consist of carbon dioxide and methane,

among different gases (IPCC, 2007; Wuebble and Jain, 2001; Soeder and Soeder, 2021).

+ Carbon dioxide (CO;) is a major warming gas that stems from numerous sources like

combustion of fossil fuels, wildfires, and volcanic eruptions. During this economically
dominated era, human activities have amplified the atmospheric CO, by 50%, which is a
dazzling 150% increment since the 1750 A.D. This growth is higher than what occurred

naturally since the last ice age, 20,000 years ago IPCC (2007).

» Methane concentrations have surged because of agriculture, fuel distribution, and landfills.

Wetlands also are an instance of natural sources that release methane IPCC (2007).

+ Anthropogenic activities like fertilizer usage and fossil fuel combustion are also
responsible for the emission of nitrous oxide. The oceans and soils additionally release

NO, IPCC (2007).

+ Halocarbon gasoline concentrations have skyrocketed in particular due to human activities,
with chlorofluorocarbons including CFC-11 and CFC-12 being the primary culprits. These
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gases are widely used in refrigeration, which has led to the depletion of the stratospheric
ozone layer IPCC (2007).

» Ozone is an indispensable greenhouse fuel that undergoes a continuous cycle of production
and destruction via chemical reactions inside the surroundings. Anthropogenic activities
have depleted ozone in the troposphere via the release of gases which includes carbon
monoxide, hydrocarbons, and nitrogen oxide, which chemically react to form ozone IPCC
(2007).

»  Water vapor is the most dominant and enormous greenhouse gas inside the atmosphere,
albeit human activities have a minor direct have an effect on its amount. However, human
beings have the capacity to significantly change to the amount of atmospheric water vapor
circuitously by means of altering the weather (IPCC, 2007; Wuebble et al., 2017).

» Aecrosols are minute particles found in the environment that come in varying sizes,
concentrations, and chemical compositions. The burning of fossil fuels and biomass has
boosted aerosols containing sulfur compounds, natural compounds, and black carbon
(soot). Human activities which include surface mining and commercial approaches have
accelerated the amount of dust in the surroundings. Natural aerosols encompass mineral
dust, sea salt aerosols, and dirt aerosols from volcanic eruptions, amongst others (IPCC,
2007; Myhre et al. 2013).

Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.

Global net anthropogenic GHG emissions 1990-2019
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Fig-2.2 Total annual anthropogenic greenhouse gas (GHG) emissions (Giga tonne of CO,-
equivalent per year, GtCO,-eq/yr) for the period 1970 to 2010, by gases. (Source: IPCC Working
Group 111, 2013).

Therefore, for the reason that pre-industrial period, human activities have appreciably contributed
to growing the global average temperature of about 1 degree Celsius, an amount that is currently
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growing more than 0.2 stages Celsius per decade (Allen et al., 2018). Consequently, the Earth is
now approximately 1.1°C hotter than it in late 1800s. It is noteworthy that the last decade (2011-
2020) has been the warmest on record (NASA, 2022).

Climate change does not only refer to warmer temperatures as it is much more than that. The Earth
functions as a system where everything is interconnected, and changes in one area can significantly
affect changes in all others (Ferdig, 2007).

The ocean is experiencing 90 percent of the total global warming, causing a considerable increase
in the water's internal heat since modern record-keeping began in 1955 (NASA, 2022). Also, there
is a significant growth in the amount of heat stored in the ocean since the 1950s, as highlighted
with the aid of the International Energy Agency, IEA in 2020.

According to IPCC (2022), Climate change has extensively affected the Earth's snow- and ice-
protected regions because of the upward push in global temperature. Such changes have a long
way-attaining implications worldwide, as snow and ice play a critical role in influencing sea level,
ocean currents, and storms. For example, the Arctic sea ice, which used to reach its minimal extent
each September, is now shrinking at a rate of 12.6% each decade, in comparison to its average
extent during the period 1981 to 2010.

Moreover, sea level increment is basically due to the two major factors related to global warming.
The added water from the melting ice sheets and glaciers and the expansion of seawater as it warms
(IPCC, 2001). During the last four decades, 75 percent of the sea level upward push can be
attributed to glacier mass loss and ocean thermal growth, according to Garcia-Soto et al. (2021).

2.1.1 Ramifications of the Changing Climate in the Coastal Areas

Table-2.1 The global scenario of the coastal regions (Adopted from the United Nations, 2017).

1 | Geography | The ocean encompasses 363 million square kilometers, which is
approximately equivalent to 72 percent of the Earth's surface.

Less than 10 meters above sea level, coastal regions are home to more than
six hundred million people, which contributes for around 10 percentage of
the global population.

Approximately 40 percent of the coastal populace, or 2.4 billion people,
live within a hundred kilometers (60 miles) of the coast.

As of 2017, coastal communities make up 37 percent of the global
population.

Most of the employees in secondary marine-related activities such as fish
processing and marketing are women, and roughly 97 percent of the
world's fishermen reside in developing countries.
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2 | Economy The ocean economy is estimated to be between US$3-6 trillion/year.

Fisheries and aquaculture contribute US$100 billion per year and around
260 million jobs to the global economy.

Coastal areas attract around 50 percent of all international tourists.

Every year, oil tankers transport approximately 2,900 million tonnes of
crude oil and oil products worldwide via sea.

3 | Marine Every year, more than 8 million tonnes of plastic are dumped into the
Debris oceans, which is equivalent to a garbage dump.

Land-based activities are responsible for 80 percent of all pollution in seas
and oceans.

In addition to large tanker incidents, small oil spills occur daily, resulting
in the deaths of birds, marine mammals, algae, fish, and shellfish. Oil spills
continue to be a concern.

Over the past 200 years, oceans have absorbed as much as half of of all
anthropogenic carbon emissions. Blue carbon ecosystems, inclusive of
mangroves, seagrass beds, tidal marshes and so forth. Are some of the most
good sized carbon sinks on earth.

According to the Intergovernmental Panel on Climate Change (IPCC) report of ARS and ARG,
stated with high confidence, that the impacts of human-caused climate change on the nature and
other stockholders have been observed especially since the ARS5. Moreover, the upward thrust in
climate and weather extremes has brought about a many irreversible influences on natural and
human systems which are now way beyond their potential to adapt. Furthermore, the negative
impacts from tropical cyclones have considerably increased because of sea level rise and the
increase in heavy precipitation. Additionally, ocean acidification is another factor that has
contributed to such adverse impacts, stated with medium confidence, by the IPCC ARG6.
Additionally, ocean acidification is another factor that has contributed to such adverse impacts,
stated with medium confidence.

The ARG report also concludes with high confidence that the observed global mean sea-level rise
since at least 1970 is very likely anthropogenic forcing. These climate extremes have hindered the
efforts to meet Sustainable Development Goals. Furthermore, as multiple climate and non-climate
hazards, also known as cascading hazards, impact cities and settlements, damages are magnified.

Again, stated with high confidence by the IPCC ARG report, (Oppenheimer, 2019) that, human
(socio-economic) and ecosystem vulnerability are interdependent. The current unsustainable
development patterns have escalated the exposure of ecosystems and people to climate hazards,
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with high confidence. Consequently, climate change has contributed to humanitarian crises where
climate hazards interact with high vulnerability. Hence, Climate and weather extremes are
increasingly driving displacement in all regions. All these adverse impacts are primarily due to the
extent and magnitude of climate change, which are larger than estimated in previous assessments,
with high confidence.

2.2 Climate Trend Analysis in the Coastal Area

Climate trend analysis is the process of identifying trends and understanding how the climate
changes over time by evaluating long-term patterns and changes in climate-related variables (Duc
et al., 2019). The main objective of climate trend analysis is to identify and measure changes in
the climate system that go beyond natural variability and may be related to human activities, such
as burning fossil fuels and deforestation, which release greenhouse gases into the atmosphere and
cause global warming (Fussel et al., 2006). Coastal climate trends are especially concerning since
they are particularly vulnerable to the effects of climate change, such as sea-level rise, more
frequent and powerful storms, coastal erosion, and flooding (Nicholls et al., 2007). To better
understand the ongoing changes and their implications for coastal regions, it is critical to monitor
and analyses these climate patterns. Its comprehension can aid in coastal zone management, the
construction of resilient infrastructure, and the reduction of greenhouse gas emissions in order to
reduce the worst effects of climate change in coastal areas (Zhang et al., 2011).

French and Burningham (2013) has examined the difficulties in establishing empirical links
between climate factors and coastal morphological development in terms of data availability and
variability. They found that landform reactions to climate change are regionally and locally
mediated and Geomorphologists are critical in comprehending the coastal effects of climate
change. While Nicholls and others (2008) argued that coastal vulnerability assessments are
primarily concerned with sea-level rise, with significantly less attention paid to other aspects of
climate change such as meteorology. This study examined climate and non-climate change drivers
of change in coastal areas, as well as the importance of integrated evaluations. It focuses on non-
climate drivers and illustrates them using widely used SRES scenarios, as well as the significance
of including non-climate drivers in coastal risk assessments.

However, a paradigm shifts towards understanding the climate trends in coastal areas has been
observed to determine its subtle but prominent impact in influencing coastal vulnerability. Ayyam
and others (2019) has proposed that integrated approaches are necessary at many levels to control
the impact of climate change on coastal regions, such as integrating physical and socioeconomic
characteristics of coastal population to identify holistic solutions. In this regards, Leal-Filho (2018)
had summarized the main development and trends related to climate change in coastal areas. While
Ali and others (2020) examined the effects of climate change on coastal communities, describing
natural values, coastal landforms, and infrastructure types which are most likely to be affected by
climate change and provided information for assessing inundation, erosion, and recession risks for
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a chosen location, and they recommended incorporating climate change impact and risk
assessment into long-term national development strategies.

On the other hand, Curtis (2019) conducted a study which spanned 80 years and discovered that
global climate models do not accurately capture coastal zone precipitation because there is an
increasing trend in precipitation in the coastal zone, with the interior increasing faster than the
coastline, and the discrepancy is most significant during the austral summer season. As well as,
Watkinson (2009) discussed the effects of climate change on coastal areas. It investigated how to
downscale the global analysis to the local level within the framework of a coastal simulator, which
provides information on possible future states of the coast through the 21st century under a variety
of climate and socioeconomic futures, as well as shoreline management options. It was discovered
that there are significant increases in the global heat content of the oceans, causing sea level rise,
and that the impact of climate change on coasts will be worsened by human-induced pressures.

Recently, many studies have come up across the world to understand the implications of climate
trend variability in coastal areas. Dailidiene and others (2012) examined long-term climate trends
such as wind, air, water temperatures and the winter North Atlantic Oscillation (NAO) index in
Lithuanian coastal areas of the Baltic Sea based on monitoring data from 1961 to 2005 and
discovered clear trends in hydro-meteorological parameters such as increasing air and surface
temperatures and sea level rise. Ngare and others (2020) used basic regression analysis to evaluate
climatic variability changes in Mombasa County, Kenya between 1989 and 2019, finding an
increase in temperature with a maximum temperature of t=-5.000 and a minimum temperature of
t=-5.4°C. and a decrease in rainfall during the previous 30 years.

Kabanda (2018) used Mann-Kendall test to discover long-term trends, while Sen's slope estimator
test used to determine the magnitude of change over time along the Tanzanian coast. The outcomes
revealed rainfall varied by month at different stations, with July showing a considerable decrease
in rainfall and a link between July rainfall and horizontal winds. High-quality daily climatic
parameters were developed by Abbasnia and Toras (2020) to examine long-term variations in
weather extremes from 1961 to 2016. The study discovered that warm temperature extremes in 71
sites along Turkey's coast exhibited more significant trends than cold extremes, and there was a
decline in the number and volume of precipitation. Wang and Wang (2017) discovered a small
rising trend in extreme precipitation events in the southern coastal area and a downward trend in
the northern coastal area of China based on a daily precipitation dataset of 156 station records from
1961 to 2014. Trend analysis, wavelet analysis, Mann-Kendall test, accumulative anomaly
analysis, and Pettitt test are among the approaches used. Wickramaarachchi and Samita (2020)
found out positive rainfall patterns in the majority of the North-Western coastal line and four sites
along Sri Lanka's Eastern coastal line. It emphasized climate mitigation activities to mitigate the
effects of changes in rainfall trends.
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Additionally, temperature is an essential factor in coastal climate patterns. Temperature changes
have a substantial impact on the climate, weather patterns, and environmental conditions in coastal
areas (Harley et al., 2006).

Efthymiadis and Jones (2010) found that coastal land warmed by 0.02° C per decade compared to
sea surface temperature by comparing the rate of temperature change between land and marine
temperatures for the same grid squares using 5° by 5° latitude/longitude grid-boxes utilizing
CRUTEM3 and HadSST2 datasets. Elhacham and Alpert (2021) found that the average coastal
surface temperature in Dubai has increased by 0.1° C/year as the temperature gradient between
land and water has shrunk and the coastline has urban heat island characteristics as a result of
extensive urbanisation. Ladochy and Alzert (2007) examined air temperature patterns in California
from 1950 to 2000 using continuous data from 331 weather stations and discovered that places
with dense urbanization had the most positive increases and that minimum temperatures grew
more than maximum temperatures. While Lakhraj-Govender and Grab (2019), using the modified
Mann-Kendall test investigated the temperature trend in coastal areas of KwaZulu-Natal, South
Africa from 1930 to 2015 which indicates a significant increasing trend in annual maximum
temperature but not in annual minimum temperature. It concluded that higher-lying interior
regions are warming quicker than coastal locations and oceanic moderating effects may be
reducing coastal warming.

In India, Jamir and Kumar (2015) investigated changes in cyclones and depressions, floods and
droughts, thunderstorms and hailstorms, fog and low visibility days in India's Northeast and West
Coast regions. The study employed linear regression, correlation coefficients and Student t-test to
determine significant levels (0.05 and 0.01%). The study found mixed trend in extreme
occurrences, such as declining tendencies in cold waves and heat waves, as well as cyclones and
depressions that were not consistent with global warming. While Jaswal (2010) evaluated the
annual and seasonal trends in total cloud cover, diurnal temperature range, and rainy days for 1961-
2007, based on 172 well-distributed surface meteorological stations across India. It discovered an
overall decline in total cloud cover throughout the majority of India, as well as a negative
relationship between monsoon cloud cover and sea surface temperature. Jindal and Mitra (2019)
also analyzed the changes in trend of temperature, water vapour, and ozone profiles at different
atmospheric layers, total column integrated methane (TCH4), and total column integrated carbon-
monoxide (TCO) over the Indian region. It discovered that the temperature in eastern and southern
India has risen, whereas water vapour has risen in western and southern India.

However, Radhakrishnan and Adhikari (2017) analyzed the climate trend in India which showed
a declining rainfall and rapid warming, especially in the last 30 years over the period of 1901—
2014. Rao (2013) analyzed climate variability and its effects on coastal ecosystems in India, with
an emphasis on the Sundarbans and Tamil Nadu. It highlighted the importance of climate
variability in transforming natural resource ecology, confronting conventional knowledge systems
with new research concepts, improving coastal communities' coping capacity, and the need for
incorporating climate adaptation practices into development planning. Also in southern India,
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Ashwin and Vinay (2021) examined the climate trend in the coastal region of Karnataka from
1984 to 2017, utilizing the Mann-Kendall trend and Sen's slope estimator test, and found an
increase in the trend of rainfall in particular grid sites. In the western Ghats and coastal Karnataka,
using the Mann-Kendall test and the Theil-Sen estimator, Chandrashekhar and Shetty (2018) found
statistically significant positive trends in annual total rainfall, yearly 1-day maximum rainfall and
in the frequency of very heavy rainfall in the coastal region. As well as contrasts in extreme rainfall
indices in low and high land regions of coastal Karnataka.

2.3 Anthropogemorphic Impact

Anthropogeomorphology can have a major and wide-ranging impact on both human society and
the environment (Bhunia et al., 2022). Essentially, the impacts of anthropogeomorphology can
increase coastal vulnerability in a number of ways. When human activities affect coastal
geomorphological processes, the natural dynamics of the coast are altered, making it more
susceptible to dangers (Aguilar et al., 2020).

Mackay and others (2003) examined several archives of environmental change utilizing
radiocarbon dating, Dendrochronology, and sediment studies of corals, lake sediments, glaciers,
and ice cores. It found that the Holocene epoch has seen significant global environmental change,
with human impacts hastening the rate of change. According to Jefferson and others (2013),
anthropogenic geomorphology studies the direct and indirect consequences of human activity on
the Earth's surface using empirical data collection and numerical modeling. Szabo, 2010 opined
that the impact of anthropogenic geomorphology is significant and surpasses the efficiency of
exogenetic natural processes in shaping surface landforms. Goudie (2020) discussed, the human
impact on geomorphology has a long history.

Since 1969, a number of developments have occurred that have led to an increasing realization of
its importance, including technological developments that alter geomorphological processes,
demographic trends, and the proliferation of techniques for the study of landform and process
change. The study discovered that land-use change can have a major impact on geomorphology,
modifying erosion and sedimentation rates as well as affecting landform and process change.

Meadows and Lin (2016) reviewed various systemic and cumulative drivers of geomorphic change
before delving into the time-transgressive impacts of humans on virtually all environments on the
planet, emphasizing the critical role of geomorphology in understanding humanity's expanding
footprint on earth systems. According to the study, the society-geomorphology nexus is important
but complex, although anthropogenic geomorphology provides critical insights. Brown and others,
(2017) addressed the impact of human activities on geomorphological processes and landform
evolution, and it was discovered that the applicability of the Anthropocene concept differs across
geomorphology branches, with human impact being more visible in fluvial and coastal
geomorphology. Meadows, 2016 briefly reviews different systemic and cumulative sources of
geomorphic change before delving into the time-transgressive influence of people on nearly all of
the earth's habitats.
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In terms of land use changes impact on geomorphology, James (2022) has examined agricultural
development and potential geomorphic changes on broad time and space scales, concluding that
agriculture and deforestation have had significant impacts on geomorphic systems throughout
history, and societies before the 15" century had much lower geomorphic potential than European
colonists. Migon and Latocha (2018) discussed the direct and indirect geomorphic effects of
human activities such as agriculture, ore and coal mining, quarrying, forestry, and tourism on the
geomorphic system in the Sudetes, Central Europe, and discovered that mining and agriculture
areas are the most altered. most of others have covered often a specific type of anthropogenically
impacted landform but in detailed manner, as for coastal and estuarine areas (Pye and Blott 2014;
Ferrer-Valero et al. 2017), mining landforms (Harnischmacher and Zepp 2014; Byizigiro 2015;
Dullas 2016), catchment areas (Slaba et al., 2015), and agriculture (Martinez-Casasnovas 2003;
Houben et al., 2006; Chartin et al., 2013) in addition the impact quantification of transportation
upon landforms has also been studied (Sofia and others 2016).

Mapping of anthropogenically impacted landforms has also been carried out using a holistic
approach that incorporates the underlying notion of earth movement. Hooke (1994) made a
pioneering attempt in this area, calculating and mapping the amount of earth movement per year
in the United States. while Pirkhoffer (2009) mapped anthropically impacted landforms in
Hungary based on different land use categories.

According to Rozsa (2007), Nir's 'index of potential anthropic geomorphology', published in 1983,
is a highly recognized model for quantifying human impact on geomorphology due to its simplicity
and widespread data availability. However, some Nir's index notions are debatable, such as the
generalization of topographic and climatic factors for a greater area, equal weightage to climate
and terrain, and consideration of solely the urban population (Rozsa, 2007), insufficiency in
quantifying the AGP at micro level due to generalized parameters (Nigam et al., 2023) etc. Because
these parameters are dynamic which change at different spatio-temporal scales.

Recently, Tarolli (2014) and also Tarolli and others (2017) have made pioneering attempts to use
geospatial technology to determine human impact on landforms using landscape metrics and the
extent of anthropogenic modification.

2.4 Land Use Land Cover Assessment
2.4.1 Land Use Land Cover Assessment in the Coastal Areas

Land use alterations in coastal areas can be influenced by a variety of reasons, including population
increase, economic development, urbanisation, industrialization, agricultural expansion, tourism,
and the effects of climate change (Dale, 1997). Resultantly, the repercussions of land use changes
in coastal areas can be large and far-reaching, affecting biodiversity, water quality, coastal erosion
and sedimentation, floods and storm surge threats, and the general resilience of coastal ecosystems
to climate change impacts. Sustainable and deliberate land use planning is essential for balancing
human growth with the preservation and protection of coastal habitats (Li et al., 2010).
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Numerous studies have come up in this context across the world, primarily concerned about the
negative effects of human influence in coastal areas and almost all have advocated for the
reduction in human influence and raise in sustainability. McEvoy (2015) has predicted a nine-fold
rise in flood risk in coastal communities by 2050 as a result of climate change, which might result
in huge socioeconomic losses. Current defenses and policies are severely insufficient, and without
adjustments in the coastal land-use patterns, worldwide flood losses might exceed $1 trillion.

According to Anderies and Barreteau (2019) coastal locations have many sensitive borders and
thresholds, such as the land-water interface, the intersection of salty and freshwater habitats, and
limited space for specific land use patterns, hence the concentration of environmental
consequences in coastal areas is a concern caused by land use change. According to Newton and
others, 2012, coastal zone "Hotspots" are locations with severe difficulties, such as river mouth
systems, urbanized and low-lying coasts vulnerable to flooding and sea-level rise. To address
difficulties caused by land use change in coastal areas, a variety of societal responses and suitable
governance frameworks, as well as effective communication are required. Schultz (2018) had also
explored the effects of man-made changes in coastal land use and concluded that careful selection
of areas and design criteria are critical for effective development. Improvements to drainage and
flood protection provisions are also required.

Even Blackburn and others (2019) found that coastal megacities encounter a variety of risks as a
result of demographic, infrastructure, environmental, social, and economic changes. Changes in
land use in coastal areas enhance flood danger and air pollution from industrial activity. They
believe that innovation, inclusive knowledge capture, and responsive social institutions are critical
for coastal megacities' resilience and transformation. Also, Shin (2019) observed that heavy
urbanisation and agricultural intensification in valleys and coastal locations, such as industrial
complexes and harbour facilities, are causing erosion and land depletion.

Magarotto and other (2017) compared two case studies, Boa Viagem Beach in Recife, Brazil, and
Rocha Beach in Portimo, Portugal, and concluded that green environments in urban areas
contribute to well-being and urban green areas are important for sustainable development, but
urban growth in coastal cities has resulted in a decrease in large green areas, affecting landscape
design and planning. Dzurik (1984) examined issues between development and the coastal
environment, such as construction on coastal wetlands and the protection of beaches and barrier
islands. It argued for the importance of addressing environmental issues related with coastal
engineering projects by balancing project requirements with environmental protection. Macintosh
(2013) explored Victoria, Australia's coastal climate hazard planning framework to demonstrate
how poorly conceived or implemented urban planning strategies can raise costs and vulnerability
in coastal locations. It emphasizes the need of urban development in reacting to coastal climate
hazards. While Ozyurt and Ergin (2012) determined that changes in land use in coastal areas
damage coastal ecosystems, increase erosion, and modify sediment transport, ultimately affecting
geomorphologic processes. The explanation of geomorphological changes in coastal areas is
necessary for restoring the balance of coastal landforms because integrated coastal zone
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management is critical for sustainability, and geomorphology provides the foundation for ICZM
plans by integrating spatial and temporal scales in the model.

2.4.2 Multi-Temporal Land Use Land Cover Assessment

The assessment of multi-temporal LULC in coastal areas is critical for understanding the dynamics
of land use changes and their consequences for the sustainable coastal environment,
socioeconomic development (Munthali et al., 2019) and geomorphology (Nigam and Kotha, 2024,
under review).

Holland and others (2011) examined changes in land use and land cover patterns in the surrounding
basin of a coastal lagoon in Mexico between 1985 and 2000 using satellite photos (Landsat TM
and Landsat ETM+) and image processing with Idrisi32 software. The analysis found that urban
and tourist land rose by 43%, Mangroves fell by 39% and became fragmented. Similarly, Guneralp
and others (2013) investigated land use changes in the Mission-Aransas coastal region of Texas
from 1990 to 2010, as well as their consequences for coastal vulnerability and protected areas. The
study found that MACR has witnessed considerable LULC changes, increasing the vulnerability
of urban populations, infrastructure, and biodiversity to coastal hazards. De Andres and Barragan
(2015) examined the key implications of coastal development on coastal and marine ecosystems
in over 400 coastal cities in Latin America and the Caribbean (LAC) in this research. The study
discovered that coastal areas are experiencing substantial population expansion.

In Europe, Iglesias and others (2015) argued that there is mounting evidence of serious
environmental degradation along Europe's coasts. Because coastal areas encounter challenges in
population expansion and physical development, shorelines, transitional waters, and near-shore
marine areas are under significant environmental stress and are highly vulnerable. The report
recommended for sectorial policies to address environmental deterioration, as well as the
awareness of policy synergies. While Kostoni and others (2017) analyzed the lack of spatial
planning in Georgioupoli's coastal zone, Greece, and provides a framework for planning
sustainable development in coastal regions.

In Asia, Lubis and Nakagoshi (2011) determined LULC variations in the Bodri watershed,
Indonesia, over the last two decades (1991-2001 and 2001-2009) using ERDAS Imagine 8.7 - GIS
analysis using ArcGIS 9.3.1. They detected an increase in built-up area while decreasing
agricultural land area. Rizvi and others, 2020 analyzed Karachi's surface urban heat island (SUHI)
based on an investigation of rapid Land Use Land Cover (LULC) changes on average temperature
warming. The study used satellite photos to extract land-use statistics and create land surface
temperature (LST) maps for 2009 and 2017, as well as regression analysis to determine the
association between UHI and LULC. According to the study, built-up areas rose by 40%, while
UHI intensity increased by 0.04 °C. Khan and others (2015) used satellite image analysis and
regression analysis to investigate the combined effects of land-use changes and natural disasters
in Bangladesh's southwest coastal area, and observed that cyclones and storm surges had
significant effects on income, agricultural production, and migration. While in South Africa,
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Palmer and van der Elst (2012) analyzed land cover and development in KwaZulu-Natal coastal
zone. According to the study, a large percentage of the study area is already highly developed,
with much of it unevenly distributed.

2.4.3 Different Approaches in Land Use Land Cover Assessments

In addition, various studies have found interesting results by applying different approaches to
determine land use impacts upon coastal areas such as, Helderop and Grubesic (2019) used a
holistic approach that included meteorological, sociological, and geomorphic elements to calculate
coastal vulnerability in a USA coastal city. The report proposed several solutions for mitigating
the impact of sea level rise, such as zoning and land use management, erosion and flood control,
water management, reinforcing of existing coastal facilities, and waste management. Haruvama
(2016) analyzed disaster vulnerability, specific liquefaction designated upon the maps of risk
levels, landform, land use, and vulnerability of the lower Tone River floodplain and found that
Geomorphology as a core subject for disaster mitigation. Because landform modification and
sedimentation contribute to natural disasters and rapid land use change increases vulnerability
level. Salgado and Martinez (2017) used anecdotal observations, experimental tests, mathematical
analyses, models and forecasts, economic assessments, and field observations to investigate the
evidence that supports the usefulness of natural ecosystems for flood and erosion protection. It
stated that, in addition to improving coastal protection techniques, it is critical to lessen human
pressure by mobilizing communities inland to relieve coastal pressure.

Ara and others (2021) examined the relationship between the tourist pressure index (TPI) and land
use land cover change (LULC) from 2005 to 2019 and found that tourism activities have resulted
in changes in land use and land cover, which affects the coastal environment. This phenomenon is
also supported by an increase in land surface temperature in the area. It pushes for stricter law
enforcement in order to reduce environmental effect. Zhou and Zhu (2020) found that land use
changes in Jiangsu Province, China, had a large and diversified impact on landscape vulnerability,
as measured by the landscape vulnerability index (LVI) and the landscape human interference
index (LHII), implying that they can increase coastal hazards risk.

Halls and Magolan (2019) used Matrix change analysis, computing adjacency statistics to design
a methodology and found a significant association between residential development and wetland
loss. Increased flood risk and wetland loss are caused by urbanisation and land cover change,
showing a greater vulnerability to coastal hazards. The combination of methodologies used here
has resulted in data that local government planners are assessing and incorporating into the
County's new long-term plan, which will incorporate smart growth and risk detection. Su and
others (2021) developed a research framework to evaluate the impact of land use changes on
disasters, in which land use changes, disaster losses, and an environmental variable (runoff
increment) were integrated into a three-stage data envelopment analysis (DEA) assessment model
to dynamically evaluate the impact of land-use changes on disasters, which can assist agencies in
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ranking various types of land development, determining the acceptable risk level, and
incorporating dislocation.

2.4.4 Land Use Land Cover Assessment in the Coastal Areas in India

India's coastal regions support a diverse range of ecosystems, including mangroves, salt marshes,
estuaries, beaches, and coastal wetlands. Rapid urbanisation is underway in India's coastal cities
and towns, resulting in the spread of urban areas along the coastline (Pavri, 2010). Furthermore,
tourism development leads to the construction of resorts, hotels, and recreational facilities, all of
which contribute to changes in land use patterns (Lakshmi and Shaji, 2016).

Kaliraj and others (2017) assessed the decadal variations of land use and land cover (LULC)
features under the Level II category of the USGS-LULC classification system over the period
2000-2011 using Landsat ETM+ and TM data and the Maximum Likelihood Classifier (MLC)
algorithm. The study discovered that the LULC features along the Kanyakumari coast have
evolved dramatically during the last decade and the expansion of built-up territories and towns
threatens coastal resources. While Bama and Rajakumari (2020) conducted shoreline analysis and
vulnerability assessment in Tamil Nadu to analyze the influence of LULC on the historical
shoreline between 1978 and 2017. According to the report, 6 km of the shore are extremely
vulnerable, and 45 km are highly vulnerable. It came to the conclusion that croplands and coastal
dunes conversion increased the coast's vulnerability to episodic natural catastrophes. Muthusamy
and others (2010) used multi-temporal Landsat satellite data (1977, 1991, and 2006) to conduct
exploratory assessments of land use/cover changes along India's Southeast coast.

Between 1977 and 2006, there was a substantial expansion in built-up land, as well as an increase
in settlement within plantations due to population growth and building. Anil and others, 2012
investigated the changes in LULC in the Greater Visakhapatnam Municipal Corporation (GVMC)
and neighbouring areas. The study also looked at illegal construction on hill slopes and found a
spike in built-up, industrial, and plantation areas, as well as a decrease in forest area, although the
harbour area remained unaltered. Das and Angadi (2020) examined the link between LULC and
Land Surface Temperature in the Barrackpore Subdivision of West Bengal, India. The researchers
employed multi-spectral satellite data to map LULC alterations. The study discovered that
unplanned urban growth has resulted in LULC alterations and an increase in Land Surface
Temperature (LST).

Prasad and Ramesh (2019) remote sensing and GIS to examine changes in land use and land cover
in Alappuzha District, Kerala. The study discovered the relationship between the extent of built-
up land and population growth. Basanna and Wodeyar (2013) showed in ERDAS, supervised
classification involves employing the maximum likelihood estimator to derive statistical
connections between input and ground truth habitats to build a habitat signature. The case study
of Belgaum, Karnataka revealed that urban growth in the recent decade has resulted in a rapid loss
of vegetated land and wasteland. Kumar and others (2021) looked at variations in LULC in coastal
Karnataka between 1990 and 2019. Using satellite data, the K-means method is used for
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unsupervised categorization. Significant alterations have been found in barren land and scrub
forest. During this time, water bodies occupied 40% of the studied area, and considerable barren
land was replaced by scrub forest. These studies highlight the importance of considering land use
changes in assessing and managing coastal hazards vulnerability.

Considering the land use changes into account when assessing and managing coastal hazards risk
is critical for comprehending the complicated relationship between development and natural
coastal processes. It permits the formulation of effective policies for reducing hazards, increasing
resilience, and ensuring the long-term use of coastal resources (Dolan and Walker, 2006).

2.5 Beach Litter as Proxy of Human Influence

Beach litter accumulation is an excellent indicator of human impact on coastal habitats. It is
impacted by biotic, abiotic, and anthropogenic causes, among others (de Febrarro et al, 2021).
According to studies, the amount of human pressure on beaches contributes to beach deterioration
and decreased water quality (Pervez and others, 2020). Litter abundance and composition along
beaches can provide important information on the sources and forms of marine pollution (Ribiero
and others, 2021). Furthermore, beach litter can be used to assess the general cleanliness and health
of coastal environments, with excessive levels of litter suggesting pollution and degradation (Theil
and colleagues, 2011). Understanding and eliminating beach litter is therefore critical for the
conservation and management of coastal ecosystems. In this regard, numerous studies across the
world have come up to quantify the amount of litter (Bergmann et al., 2015).

Santos and others (2005) interviewed beach users and assessed tourism-related litter output to
conclude that beach litter input is higher in places visited by persons with lower yearly income
and literacy degree, showing the influence of educational level on environmental awareness and
behaviour. They believe that beach litter is an important indicator of human influence on coastal
ecosystems, with tourism being the primary source of marine debris. Theil and others (2011) found
that the composition of litter found on the beach indicates that the majority of it is from
anthropogenic causes, which is common on beaches in the southeast Pacific region. considering
that it reflects the type and volume of anthropogenic waste in the southeast Pacific, beach litter is
an important proxy for human influence. Ribeiro and others (2021) in Southeast Brazil found that
plastics and cigarette butts were the most common types of litter collected on the beach. It was
established that beach litter can be used as a proxy for human influence because the number of
beach users and local hydrodynamics influenced the density of marine litter. Krelling and others
(2017) found that perception and reaction to beach litter did not vary between tourist groups on
different beaches. Although stranded litter can potentially reduce local tourism income by 39.1%.
Pervez and others (2020) found that plastic is the most common and abundant sort of litter in
Qingdao, China, and that human recreational activities are the primary cause of trash. It believes
that beach litter is a proxy for human influence on coastal regions, and that assessing it can assist
inspire effective litter management programs.
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Aydin and others (2016) in the Cilician basin, Turkey, conducted using Multivariate Adaptive
Regression Splines (MARS) - Generalised Linear Models (GLM) and Generalised Additive
Models (GAM), revealed a lack of local awareness of coastal litter and highlights the need for
educational programmes to help reduce coastal litter. It also believes that beach litter can be used
as a proxy for human influence on coastal regions and that educational programmes can help
minimise litter. Di Febbraro and others (2021) investigated the applicability of a Litter Distribution
Model (LDM) to map litter buildup in coastal sand dunes. The results revealed that LDMs had
fair-to-good prediction performance. It comes to the conclusion that beach trash can be used as a
proxy for human influence on coastal habitats.

2.5.1 Does Beach Litter Indicate the Human Presence?

Beach litter is indeed an indicator of human presence. Studies have shown that the abundance and
composition of litter on beaches are primarily caused by anthropogenic activities such as tourism,
fisheries, and recreational activities (Parvez and Lai, 2022)

Lo and others (2020) suggested using an aerial drone for beach litter assessment, which is faster
and more efficient than visual surveys. Camedda and others (2021) quantified and discovered
beach litter in Sardinia, Italy, in addition to indirect input sources such as waves, wind, rivers, and
currents, direct input sources such as beach users also found. According to the study, beach litter
may indicate human presence. Corbau and others (2022) also found the presence of beach litter at
North Sardinia island, Italy, particularly land-based litter and suggested human activities are
responsible for the same. Vincent and Hoellein (2017) investigated litter accumulation at Pratt
Beach in Chicago, USA, by demarcating five 60-meter transects parallel to the shoreline and
collecting litter within 1 metre of each transect twice a week. The study concluded that direct
littering by beachgoers and the preservation of wind- and wave-blown anthropogenic litter at the
wall dominated litter inputs at the pier.

Silc and others (2018) in the southern Adriatic Sea found a definite increase in litter cover along
the sea-inland gradient, with fore dunes and pine woods having the highest litter cover, and humid
dune slacks having essentially no litter. It came to the conclusion that beach litter implies human
presence, with shorelines and recreational activities being the primary sources of beach litter. Poeta
and others (2016) used a random sampling approach and a generalized linear mixed-effect model
to assess the impact of three major possible land sources on litter occurrence: urban areas, rivers,
and beach users in central Italy. The study discovered that metropolitan areas are the primary
causes of marine litter, implying that the prevalence of such litter on Lazio beaches may be reduced
by improving waste management and sewage treatment in urban areas.

Some of the studies on the litter monitoring assessments conducted along the various parts of
Indian coastline reveals that inefficient waste management, mainly in the coastal areas, along with
population behavior towards waste disposal, is one of the root causes for marine litter. Behera
(2020) conducted a survey on the types of plastic litters and their quantification from January to
March 2020 along Mandvi beach in Gujarat, with a total of 10 quadrates along the shoreline
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considered for quantification of the plastic materials based on density, colour, and weight. Plastic
trash sampling was done with 10x10m quadrates. Manickavasagam (2020) developed an
entrapment device, which was erected at the downstream end of Juhu Creek in Mumbai, India, to
characterise and quantify marine debris going to the sea through a water channel. Again,
Manickavasagam (2021) designed a new sampling device for the assessment of micro-plastics in
the floating plastic debris of the water channel flowing from the creek towards the sea and Carried
out six samplings in the water channel.

Mugilasaran (2021) studied the spatiotemporal distribution, composition and beach quality of
marine litter pollution, 17 beaches along the Hooghly estuary, a part of the Gangetic delta was
studied. - Marine litter collected from 17 beaches using OSPAR monitoring standard applied to
litter items. It found that marine litter pollution is a severe concern in northeast beaches of India
and management practices should include source reduction and environmental education.
Sulochanan (2019), revealed changes in total beach litter at Panambur Beach, Monthly litter
samples collected from three major beaches. Fishing litter found to be the most abundant type of
litter on the beaches. Moreover, plastic items on the beaches are influenced by rainy days, rainfall,
and river discharge thus appropriate incentive-based management options for the resident
fishermen could result in collection and elimination of litter.

Vidyasagar and others (2018) determined the abundance of white-colored and irregular-shaped
plastic debris in this study area. Polypropylene was identified as a dominant polymer variety,
followed by polyethylene, polystyrene, nylon, and polyvinyl chloride using Visual examination
and FTIR spectroscopy methods. Tourist activities, fishing practices and Aeolian process were
found to be the dominant sources. Kaladharan and others (2017) highlighted that coastal tourism
played a pivotal role in beach litter. Goa, one of the most popular tourist destinations globally, has
the highest amount of beach litter along with the highest quantity of plastic among all the Indian
coastal states.

2.6 Air Pollution as the Proxy of Increasing Human Influence

In certain ways, air pollution can be considered as a proxy for urbanisation, although it is not an
exact metric or indicator of urbanisation. Instead, one of the several environmental effects of
urbanisation is air pollution but a definite indicator of human footprints (Sahoo and Sethi, 2022).

Urbanisation and air pollution are closely related. Air pollution and urbanisation have been the
subject of several research (Deng and Mendelsohn, 2021; Wang and Zhou, 2021). The results
imply that urbanisation can increase air pollution. Depending on variables including economic
development, technological advancement, and population growth, urbanisation has different
effects on pollutant emissions (Liang and Gong, 2020).

Goossens and others (2021) has found that air pollution is a proxy of urbanization as it has become
a major problem since the industrial revolution. Salahodiaev (2014) evaluated the influence of
urbanisation on various metrics of air pollution in a broad sample of industrialized and developing
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countries and discovered that over-urbanization increases per capita greenhouse gas emissions, as
assessed by CO2, NOx, and SO2 emissions. Sarzynski (2012) used a spatially explicit global
dataset of emissions and cross-sectional regression analysis to investigate the pressures placed on
the environment by cities in terms of urban air pollution and discovered that urban pollution is
associated primarily, but not exclusively, with demographics, implying a link between air pollution
and urbanisation.

Deng and Mendelsohn (2021) observed that the global shift of population from rural to urban areas
has dramatically increased the marginal damage of air pollution emissions in urban areas; thus, air
pollution can be considered a proxy for urbanisation because the increase in urban population has
led to an increase in air pollution damage. McDonald (2012) stated that individuals have a
tremendous amount of control over the emissions generated in metropolitan areas, and that
approximately 80% of the emissions caused by fuel combustion have the potential to be directly
influenced by consumer choices such as transportation, personal and residential choices, and
industrial or commercial activities. Lazaridis and Lazaridis (2011) investigated human exposure
and health risks from air pollutants by skin absorption and inhalation and developed dose-response
functions, including estimations of particle deposition and clearance in the human respiratory tract
via inhalation. It came to the conclusion that air pollution is a proxy for human activities since
humans contribute to the discharge and accumulation of air pollutants. Wang and Zhou (2021)
used panel data analysis and a spatial econometric model to empirically test the influence of
urbanisation on pollutant emissions from both direct impacts and spatial spillover effects
perspectives. They discovered a U-shaped relationship between urbanisation and pollutant
emissions, indicating that air pollution can be used as a proxy for urbanisation.

Liang and Gong (2020) found the primary causes of decadal-long fine particulate matter (PM; s)
trends in all 626 Chinese cities by categorizing city groups based on development level,
geographical autocorrelation, and population size. It also used panel data models for hypothesis
testing and determining determinants. It found that urbanisation has an impact on air pollution, but
the mechanisms determining pollution levels differ depending on the stage of urban growth. Wei
and others (2021) investigated the spatial-temporal fluctuations in PM; 5 in the Belt and Road
Initiative (BRI) region, which is undergoing fast urbanisation and is the key field of future
urbanisation. The study discovered "typical regions" where urbanisation increases PM2.5
accumulations using spatial autocorrelation of urbanisation and PM,s concentrations and
concluded that air pollution is a proxy for urbanisation in the BRI area. Within a Bayesian
Hierarchical Model (BHM), Shaddick and Vienneau (2011) explored multiple scales of variation
in pollution concentrations in Europe, ranging from large scale trans-boundary effects to more
localized effects that are directly tied to human activities. According to the report, human activities
in metropolitan areas are connected with considerable increases in nitrogen dioxide concentrations
across Europe.

47



2.7 Coastal Flooding

The rise in sea level leads to a multitude of adverse consequences. These include but are not limited
to coastal erosion, inundations, storm floods, tidal waters encroachment into estuaries (Kennish,
2002), contamination of freshwater reserves, displacement of coastal lowlands and wetlands
(IPCC, 2019; Neelamani, 2021). It is vital to notice that sea level rise has the ability to reshape
cities, economies, coastlines and complete international areas (Vitousek et al, 2017). Shockingly,
over the last 200 years, it's estimated that about a million humans have been killed in flood related
activities especially in South Asia (IPCC, 2019).

Kulp and Strauss in 2019 suggested that, the choices we make today will likely determine whether
our planet’s coastlines will even be recognizable by the middle of the twenty first century.
Currently, over 100 million people are living below high tide levels. By 2050, coastal areas that
are presently home to 300 million people will be extremely vulnerable to flooding, irrespective of
how seriously humanity controls carbon emissions, according to Climate Central. Moreover,
Antarctica alone has the potential to contribute more than a metre of sea level rise by 2100 and
more than 15 metres by 2500 (DeConto and Pollard, 2016)

The situation is even more dire for Small Island Developing States (SIDS). It is estimated that
minimum 11to 15% of the SIDS population lives on land with an elevation of five meters or lower
(McGranahan et al., 2007). If the ocean level rises only by half a meter, 1.2 million people could
be displaced, and this range could nearly double if the ocean level rises by 2 metres (IPCC, 2019).
Furthermore, almost two-thirds of the world's urban areas with populations of over 5 million are
placed in the coastal regions vulnerable to sea level rise, and over two -third of the population is
at risk in China, Bangladesh, India, Vietnam, Indonesia and Thailand (McGranahan et al., 2007,
Strauss et al., 2021) The high tide lines could permanently rise above land occupied by some 150
million people, mostly in Asia, by 2050 (Kulp and Strauss, 2019).

IPCC ARG, 2019, has stated with high confidence that, the adverse impacts from climate hazards
and resulting risks are cascading across sectors and regions. Multiple climate hazards will occur
simultaneously, and multiple climatic (risks) and non-climatic (vulnerability) will interact,
resulting in compounding overall risk and vulnerability across sectors and regions. Future sea level
rise combined with storm surge and heavy rainfall will increase compound flood risks.

It is no surprise that an [IPCC ARG report found that major storms that until recently occurred once
a century will, by 2050, happen on average once a year in many places, especially in the tropics.
Annual coastal flood damages are projected to increase 100 to 1,000-fold by 2100 (IPCC, 2019).
Shockingly, it has been reported that an annual average of 21.5 million people has been forcibly
internally displaced by sudden weather-related hazards since 2008 (Rajeev, 2016; Marcus et al.,
2023).
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2.8 Multi-Hazard Vulnerability Assessment

Multi-hazard vulnerability assessment is a dynamic and iterative process that aids in enhancing
disaster preparedness, guiding informed decision-making, and fostering resilience in India's
diverse and hazard-prone geography (Islam and others, 2016).

The Energy and Research Institute (TERI), 2014 prepared a report about the present information
and knowledge bases available in 6 Indian States on climate change risks and vulnerabilities
including Maharashtra and Kerala. The report identified in terms of coastal vulnerability that State-
level assessments of climate change risks and vulnerabilities and future projections of climate
parameters are found to be largely inadequate at present. there remains a huge void in all the States,
in terms of present knowledge on sectorial impacts of climate change. The study called for
establishing an appropriate system of adaptation and mitigation project data base. The Indian
National Centre for Ocean Information Services (INCOIS) in 2016, prepared a training manual to
conduct Multi Hazard Vulnerability Mapping (MHVM), It stated that The Multi-Hazard Map is a
“composite, synthesized and overlay of multiple hazards” using remote sensing and GIS. It
included a case study of Andaman coral bleaching which were severely impacted during 2004
tsunami.

Mahendra and others (2010) prepared maps of coastal multi hazard vulnerability of Nellore, Tamil
Nadu. They used the parameters such as historical storm surge heights, future sea level, future
shoreline and high resolution coastal topography. It resulted that an area of 1708.36 sq. km. is
found to fall under the multi-hazard zone. The study also revealed that creek systems act as the
corridors for the oceanic hazards causing the inundation. The sea level change rate calculated using
the monthly mean tide gauge data during 1952-2005 for the Chennai station depicted the net sea
level rise of 0.0852 m/yr. Again, Mahendra and others (2011) assessed multi-hazard vulnerability
along Cuddalore, Villupuram coast in Tamil Nadu. They assessed Probability of maximum storm
surge height during the return period, future sea level rise, coastal erosion and high resolution
coastal topography. The study consisted of multi hazard parameters which provided
comprehensive assessment for the coastal area.

Vivek and others (2017) conducted multi-hazard mapping of Vishakhapatnam by using 5
parameters as inputs i.e. the probability of Coastal erosion, Coastal slope, Coastal elevation, Sea
level change rate and Tsunami arrival height. The study revealed that study area experienced
erosion at 5.8 m/yr during 1973-2015. The sea level rise trend was about 0.75mm/yr for a recorded
slope of 0.2° indicating the high vulnerability of the area to storm surges and SLR and the
maximum extent of the hazard zone was found to be 20 km inland from the current coastline of
the Visakhapatnam district with a total area of 150 km? for the delineated hazard zone.

Karuppusamy and others (2021) measured coastal vulnerability at micro-administrative units.
Tamil Nadu, India, with 5235 villages/wards, is highly inhabited (2000 inhabitants/km?). The
assessment found that the study area is very sensitive to multi-hazard occurrences due to its
socioeconomic fragility. Mondal and other (2021) assessed the multi-hazard risk in coastal West
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Bengal, India, using analytical hierarchical processing, GIS, and secondary dataset from the
government. The study discovered that coastal West Bengal is very vulnerable to a wide range of
hazards. Also, using the Coastal Hazard Wheel methodology, Paul and Das (2021) determined the
coastal vulnerability of 185 km of coastline in West Bengal, India. It discovered a high sensitivity
to a variety of hazards, including gradual inundation, saltwater intrusion, erosion, and coastal
flooding. The study found that the entire coast is extremely vulnerable to these coastal hazards.

2.9 Coastal Flooding Assessment — Sea Level Rise

Small Island Developing States (SIDS) are at risk from sea level rise, so it's important to address
the effects and dangers of this trend (Horton et al., 2021). The range of anticipated sea level rise
has changed over time, with upper forecasts from individual research typically larger than those
from the Intergovernmental Panel on Climate Change (IPCC) Though many studies have
examined sea level rise estimates, there is still a great deal of vagueness in the sea level increase
that will occur in the future (Garner et al., 2018).

Meo (1991) first addressed the necessity for accurate projections and assessments of the effects of
sea level rise in order to design successful policies such as a coastal protection master plan and an
inter-distributary basin model land use plan. Later, Martyr-Kollar and others (2021) has conducted
a literature review on key topics in sea level rise, including the lasting effects of near-term
mitigation on long-term sea-level rise; new global coastal vertical elevation data and their impact
on existing sea-layer rise projections; and the interaction of sea-water rise with other hazards such
as salinization, tropical cyclones, and extreme precipitation. Also, Horton and others (2014)
conducted a thorough examination of ninety recent studies by experts on the topic of sea level
gave a probabilistic evaluation of sea-level rise by AD 2100 and AD 2300 under two opposing
temperature scenarios. The study found that sea-level rise estimates are highly unreliable, and that
climate mitigation actions can restrict future sea-level increase.

Garner and others (2018) analyzed the past and present state of sea-level rise projections using a
comprehensive database of global mean sea-level rise (SLR) projections for the twenty-first
century. Along with the categorization of emission scenarios used in [PCC reports, eight
methodological categories were employed. According to the study, projection approaches have
evolved throughout time. Despite more than 70 research, the future of SLR remains highly
unknown.

Hauer and others (2021) evaluated how the spatial zone selection influences population exposure
to sea-level rise by using a Spatio-temporal flood-modeling approach that integrates across
different spatial zones to quantify the annual probability of population exposure to floods from
sea-level rise. It has proposed a more thorough evaluation method that can analyze coastal flooding
exposure holistically. Grinsted and others (2015) constructed regional forecasts of 21st century
sea level rise in northern Europe and investigate the uncertainties beyond the IPCC's expected
range, such as the danger and potential rate of polar ice sheet disintegration. This study has found
that regional predictions with a median projection of 0.8m between London and Hamburg and a
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95th percentile estimate is an additional 0.9m sea level rise by simulating individual major sea
level components and estimating sea level budget evolution for regional projections. While Abou-
Mahmoud (2021) assessed the sensitivity of the Alexandria coastal zone, Egypt, to sea-level rise
has been assessed in this research by comparing land elevation datasets with analytical methods
under a 1m sea-level rise scenario.

Also Kekeh and others (2020) identified that in many countries, local drainage infrastructures were
not designed to account for the mean of sea level rise observed in the last few years, and as a result,
outlet pipes are frequently inundated and covered at high tide, reducing drainage efficiency in the
event of heavy rain. As a result, sea level rise and inadequate waste management can have a severe
detrimental impact on coastal fishing communities' livelihoods, hurting their general well-being.

Through the economic point of view, Chinowsky and Helman (2021) investigated 36 different sea
level rise and storm surge scenarios across 5.7 million geographic locations and three time periods
in the United States and discovered that sea level rise and minimal storm surge pose a USD 400
billion threat to the lower 48 United States' coastline by 2040, necessitating the construction of at
least 80,000 km of protective barriers.

2.9.1 Sea Level Rise Assessment using Bathtub Hydrological Method

The bathtub method of measuring sea level rise involves determining the areas that could flood
from seawater inundation. This method makes the assumption that the water table and sea level
rise uniformly across a coastal research area (Maliya & Maliya, 2021). The modeling approach
and the level of accuracy of the topographic data used both affect how accurate the assessment is.
To determine the degree of inundation and uncertainty, high-resolution digital elevation models
are employed (Yunus et al., 2015). Potential impacts of flooding in particular areas are calculated
using plausible sea level rise scenarios (Kim and Cho, 2013). Moreover, a comprehensive
vulnerability grade assessment system may be built by taking into account a variety of influence
factors to quantitatively evaluate the vulnerability of coastal areas to sea level rise (Wu, 2002).

However, this method ignores significant hydrodynamic effects that are critical in estuarine
settings, such as tidal wave amplification, dampening, and reflection (Khojasteh et al., 2021).
Furthermore, because it neglects to take flow and sediment distribution into account realistically,
the bathtub approach may lead to inaccurate predictions of wetland resistance to sea level rise
(Breda et al., 2021).

According to the review conducted by Khojasteh and others (2021), static (Bathtub) approaches
in assessing SLR consequences in estuaries should be avoided because they fail to account for
significant hydrodynamic phenomena such as tidal wave amplification, damping, and reflection.
While Breda and others (2021) used a computational framework that covers all essential
hydrodynamic and sediment transport mechanisms to study how vertical accretion and migration
processes affect wetland response to future SLR. The results reveal that sophisticated simulations
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show greater wetland vulnerability to sea-level rise compared to basic models, and changes in
elevation owing to accretion are 10-50% of those predicted by simple models.

However, researchers have created improved versions of the bathtub model that take into account
extra elements including beach slope, surface roughness, and hydrological connection to overcome
these constraints (Williams and Luck-Vagel, 2020). It has been demonstrated that these improved
models yield more conservative inundation estimates and give a clearer picture of the risk of
infrastructure flooding along the coast (Hebel et al., 2020).

In addition, despite its shortcomings, the bathtub technique can also be used as a basis for early
planning and the identification of priority areas for additional research and adaption strategies
(Ramm et al., 2018). Conducting national or regional SLR vulnerability evaluations is made more
straightforward by the bathtub approach's simplicity, which enables consistent and comparable
assessments across many regions. (Yunus et al., 2015). It can serve as a beginning point for
inquiries and decision-making about coastal planning, adaptation, and resilience measures
(Vollstedt et al., 2021). Bathtub approach can be a cost-effective solution for developing countries
that have restricted financial resources because it doesn't necessitate complex modelling and costly
data collection (Albert et al., 2013).

Various studies across the world has employed bathtub technique with modifications to make it
more robust. Yunus and others (2015) analyzed the possible sea level rise flooding for London
boroughs by employing tidally-adjusted bathtub modelling (Evaluation of inundation extents using
digital elevation models (DEMs). The study presented a broad-scale estimate of the potential
repercussions of SLR and uncertainties in the DEM-based bathtub type flood inundation modelling
for London boroughs, indicating that 3% to 8% of Greater London might be inundated by 2100,
with Newham, Southwark, and Greenwich being the most vulnerable. While Maliya and Maliya
(2021), by using a hydrostatic or "bathtub" approach proposed that sea level rise will contribute to
salinization of coastal aquifers by increasing the frequency and extent of overwash events and
saline water intrusion, with the latter evaluated using density-dependent numerical groundwater
modelling. It came to the conclusion that sea level rise is a direct hazard due to permanent
inundation and transient flooding from heavy storms and king tide.

Kim and Cho (2013) predicted sea level rise inundation under various scenarios. A semi-empirical
technique, Bathtub Modelling (BM) was applied, and each scenario needed a rise in air
temperature. According to the findings, sea-level has been progressively rising in all scenarios,
with the highest difference in sea-level rise reaching more than 1.2m in 2120. Williams and Luck-
Vogel (?? developed a GIS-based enhanced Bathtub Modelling (¢eBTM) that incorporates beach
slope, surface roughness, and instills hydrological connection to make it more suited and relevant
for event scale coastal flooding. The study found that the eBTM offers more conservative
inundation estimates, which can be used to quantify coastal flooding risk to infrastructure. Habel
and others (2020) analyzed the application of a bathtub method version to estimate sea level rise
flooding from other sources such as groundwater inundation and storm-drain backflow. The
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method determines flooding extents and infrastructure vulnerabilities that are expected to occur as
a result of alternate flood sources, and it is applied to Honolulu's core urban centre and current
tidal flooding difficulties. The study found that high-resolution raster datasets are necessary for
flood simulation, and different flood sources necessitate distinct engineering strategies.

2.9.2 Sea Level Rise Assessments in India

Due to its heavily populated coastal regions and low-lying islands, sea level rise poses an enormous
risk to India. According to Kumar and Sardana (2021), the North Indian Ocean (NIO) experiences
significant fluctuations in sea surface temperature that affect the sea level along the Indian
coastline. Projections show probable sea level increases ranging from 7.1 cm to 77.88 cm by 2100.
Sea level rise could have a negative socioeconomic impact on coastal areas in India, particularly
Mumbai (Pednekar and Siva-Raju, 2020).

Pednekar and Siva-Raju (2020) have found that Sea Level Rise (SLR) is a by-product of climate
change on a global scale and in India, Mumbai is particularly vulnerable to the impacts of sea level
rise. Krishnamurthy and others (2014) emphasized on accurate sea level predictions which could
be vital for planning coastal development. Empirical and semi—empirical and process based
modelling have been undertaken to reduce uncertainties in the future projections. Deepa and
Gnanaseelan (2021) looked at long-term tide gauge records, sea level pressure, rainfall, and winds
and discovered a link between sea level fluctuation in the Indian Ocean and global climate models
like the Pacific Decadal Oscillation and the Atlantic Multi-Decadal Oscillation.

According to Kumar and Sardana (2021), sea level rise along the Indian coastline is growing due
to enormous variations in Sea Surface Temperature (SST) in the North Indian Ocean (NIO). Rising
sea levels pose a threat to highly populated places along the Indian coastline and low-lying islands,
with Vishakhapatnam, Mangalore, Mumbai, and Chennai being the most vulnerable cities. Space
Application Centre (2012) prepared a comprehensive report on Coastal zones of India. Status of
Mangroves, Coral reefs, Marine protected area was provided, as well as Impact of sea level rise
vulnerability along the Indian coast covering 25 km inland area from HTL was also assessed.
Amarnath and others (2017) authored a report on Mapping multiple climate-related hazards in
South Asia. A synthetic overview of south Asia has been provided about flood, Drought, Sea level
rise to name a few and a Composite Hazard Index (CHI). Kumar and Jayappa (2018) studied
Makran subduction zone on India's west coast to assess tsunami threat and modelled earthquake
source scenarios using the community Model Interface for Tsunami. The modelling findings reveal
that in the worst-case scenario, all seven coastal areas are minimally inundated, with maximum
water levels in the range of 100-200 cm.

On the east coast, Natesan and Parthasarathy (2010) revealed that about 13 sq. km of the land area
would be inundated permanently due to SLR along Kanyakumari coast. Khan and others (2012)
carried out sea level rise simulation study using SimCLIM model to determine the impact of Sea
level rise for the coasts of Tamil Nadu. Also Khan and others (2020) evaluated the impact of sea
level rise on tide, which is the biggest source of variability in sea level along the Bengal delta's
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macro-tidal shoreline. The study discovered that sea level rise will raise the risk of tidal flooding
and decrease tidal amplitude in the middle region of the Bengal delta.

Pramanik and others (2015) using Sea level and tidal gauge data and advanced geo spatial
technologies studied climate change induced present sea level rise along the eastern coast of India.
The study used SRTM 90m DEM to derive the coastal elevation, inundation risk zones. Sea level
rise scenario had been explained by using a 5th order polynomial curve which also interpolates
and extrapolate the gaps within the available data of four tidal gauge stations. The study showed
that northern portion (Ganga-Brahmaputra delta region) coast, mostly affected by the sea level rise
(4.7 mm/yr.). Also Visakhapatnam and Bhubaneswar have a higher rate of sea level rise
respectively 0.73 mm and 0.43 mm which increase the erosional activity and probable inundation
level.

Praveen and others (2018) constructed local sea level scenarios for assessing possible impact to
Indian coast. A climate simulator model based sea level rise data based on the IPCC-Special Report
on Emission Scenarios (SRES) has been used to project the sea level rise at local level under
different scenarios. The results revealed that sea level for Visakhapatnam, Chennai, Cochin and
Mumbai may increase by 1.16 m, 1.19 m, 1.34 m, 1.24 m, respectively, by 2100 under RCP 8.5
of IPCC ARS, as well as the sea level of west coast tends to rise slightly more than the east coastal
areas of India.

While on the west coast, Kumar (2006) studied the potential vulnerability of Cochin coast due to
Sea level rise coupled with probable storm surge. It incorporated numerically modeled storm surge
value along with sea level rise scenarios to determine coastal inundation extent. The study revealed
that mean beach slope and the relief of the study area play a controlling factor in determining the
amount of land that will be lost to sea level rise.

UNFCCC conducted a case study to assess vulnerability of Cochin, Kerala to sea level rise using
SRTM 30m DEM for elevation & slope data and IRS P6 LISS 3 images to extract land use land
cover of the study area. The study revealed that due to sea level rise ocean front and inland
properties would get temporarily or permanently inundated and increase in these water levels
would alter the coastal drainage gradients as well. Reduction in these gradients would increase
flooding to rainstorms which could promote saltwater intrusion into coastal aquifers and force
water tables to rise. This was one of the few comprehensive study in India which did not only
show the coastal vulnerability but it presented inland flooding extent and also the cascading effects
of Sea level rise. Patel and others, 2013 prepared the 3-D visualizations of Okha coast, Gujarat.
They used Tsunami N2 model and GIS/CAD based models for simulation. The aim was to
understand effect of plausible Tsunami at Okha coast due to its proximity to Makran coast, which
is highly vulnerable to earthquakes.
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In Goa, Morner (2017) studied coastal morphology and sea level changes in Goa during last the
500 years. Coastal morphology, stratigraphy, radiocarbon dating, archaeological remains,
historical documentation, and tide gauge records were analyzed to determine sea level changes. It
revealed a low level in the early 16th century, a p50-cm high level in the 17th century, a level
below present sea level in the 18th century, a p20-cm high level in the 19th and early 20th
centuries, a 20-cm fall in 1955-1962, and a virtually stable level over the last 50 years.

Likewise, numerous studies have come up in Maharashtra, also on the west coast and particularly
concerning Mumbai. Patankar and others (2010) conducted a case study of Mumbai for Climate
Change Vulnerability Assessment and Urban Development Planning. It overviewed the climate
risks for Mumbai and identified the physical, economic, social vulnerabilities and responsibilities
of all the stakeholders. Studies indicate that Mumbai is likely to be highly vulnerable to climate
change with majority of its population living on the flood prone and reclaimed land. Chowdhary
and Behera (2015) studied regional sea level variations along Kandla, Mumbai, Cochin and Hiren
Point coast. Master station approach to study variation in sea level was used. the study revealed
that, on macro level the average rise in AMSL in Bay of Bengal based on available tide gauge data
was 1.92 mm/yr. and in Arabian Sea was 1.72 mm/yr. (which were well within the global estimate
of 1-2 mm/year) (IPCC). In terms of Satellite data estimation, the trend in sea level rise, in Bay of
Bengal was 3.05 mm/yr. and in Arabian Sea was 2.15 mm/yr., whereas, the IPCC reported a global
rise of 3.2 mm/yr. for 1993-2012. Black and others (2017) had prepared the shoreline management
plan of Maharashtra. For the first time in India, rather than considering larger regions only, every
beach in Maharashtra was visited and documented. The report mainly identified most sustainable
ways to manage coastal resources and risks, including those due to climate change, for next 100
years and support the planning system CRZ to minimize inappropriate developments in the long
term.

Singh and Kambekar (2017) assessed impact of Sea level rise along Mumbai coastline to determine
the possible extent of inundation by sea water. The study used single-value water surface method
in ArcGIS 10.1 to estimate the probable flooding. Comparative study for vulnerability intensity
for every ward coming under Municipal Corporation of Greater Mumbai (MCGM) was prepared.
It resulted that loss of land due to coastal inundation might reach 3.84 %, 8.79 %, and 14.16 % for
probable sea level rise of 1 m, 2 m, and 3 m. Patwardhan and others (2010) studied the impacts of
climate change on coastal zones in 2003. the study reviewed then state of knowledge about the
Vulnerability of coastal zones of India due to climate change and different assessment
methodologies. According to the review, Mumbai and Ratnagiri were found to be most and least
vulnerable to Im sea level rise in Maharashtra. Dhiman and others (2019) reviewed an article
quantification, management and climate change impacts of flood risks in Surat, Mumbai, Chennai
and Kolkata, which are the most populated coastal cities in India.
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2.10 Coastal Flooding Assessment - Storm Surge

An essential component of India's disaster readiness and coastal resilience is assessing the effects
of storm surges, especially considering the country's susceptibility to tropical cyclones and other
extreme weather conditions (Sahoo and Bhaskaran, 2018).

Dube and others (1984) constructed a coastal zone numerical model of storm surge in the Arabian
sea by simulating the surge generated by the devastating 1975 Porbandar cyclone. The result of
the calculation was in good agreement with the actual values reported from Porbandar coast. They
emphasized that this model could be used for simulating the surge generated by the cyclone of any
speed or intensity. Despite, Lodhia (2012) studied coastal Gujarat to assess the risk due to climate
induced disasters in coastal regions. The study identified the need of stakeholder approach in the
current planning strategies which have failed to deal with coastal issues and problems, an
integrated regional framework for coastal development is required which encompasses trade-off
among various sectors. Kalsi and Gupta (2003) studied Gujarat Cyclone of June, 1998 and revealed
that the two-stage alert and warning were given to the state Authorities well in time, but the cyclone
warnings did not reach the community level, which caused havoc and took a toll of about 3000
people, damaged 200000 houses, and resulted in losses worth over 700 million dollars.

Evan and Camargo (2010) studied the climatology of Arabian sea cyclones. They used JTWC and
IMD dataset. The study emphasized that over the last 30 years (1979-2008) several intense Arabian
storms formed and made landfall with large impacts. The study also revealed that November
cyclones primarily form during periods when the Bay of Bengal experiences a broad region of
high sea level pressure, which means November storms form in either the Arabian Sea or the Bay
of Bengal but not in both during the same year. While Rao and others (1997) attempted to simulate
storm surges along the Andhra coast occurred due to severe cyclones between 1891-1996, and the
computed results were validated with the available observations using empirical formula. Gayathri
and others (2017) reviewed the critical factors that contribute to coastal inundation. Various
models were reviewed like ADCIRC, SWAN, drying and wetting algorithms, coupled models
ADCIRC, SPLASH, FVCOM and CH3D-SSMS etc. This article provided a detailed evaluation
of the progress made in storm inundation research as well as, this work also focused on the status
of storm-surge research in the Indian subcontinent. They stated that sea-level rise, coastal erosion,
geomorphologic alterations and anthropogenic activities are responsible for permanent flooding
and retreat of the coast.

Dube and others (2010) reviewed storm surge modelling and their applications in the coastal area.
Numerical models, SLOSH, ADCIRC and Remote sensing techniques and their applicability were
reviewed. As well as case study of Andhra Pradesh vulnerability to storm surge by using synthetic
surge models was incorporated. Chhitibabu developed the storm surge prediction models for the
Bay of Bengal and the Arabian sea. a description of a fine resolution numerical for the prediction
of storm surges along the Gujarat coast was described. Experiments were performed using wind
stress forcing data representative of the 1982 Veraval cyclone, 1996 Diu cyclone and 1998 Kandla
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cyclone. The surge values computed by the fine resolution model was compared with those of the
coarse resolution for the Gujarat coast. Shukla (2015) published a book on vulnerability and risk
measurement of climate change induced disasters in Gujarat. It has assessed the pattern of climate
induced disaster in Gujarat. It has argued that development and disaster are positively correlated.

Mahapatra and other (2016) studied the coastal vulnerability of Saurashtra coast, Gujarat related
to storm surge events. The study calculated Vulnerability of exposure index, Sensitivity index and
adaptive capacity index separately and Total Vulnerability Index (TVI) by integrating all above.
It showed that areas with coastal cliffs, higher elevations, small coastal length are less vulnerable
among all. Mathur (2018) studied coastal flooding, storm surges and the vulnerability of India
states and Gujarat specifically. It was determined that in Gujarat, South Gujarat coast is most
vulnerable along with Porbandar district. Kumar and other (2021) addressed the effects of the
Amphan cyclone on LULC such built-up areas, agriculture, brick-kiln industries, and vegetation
cover in nine coastal districts of West Bengal, India. Sentinel-1A and B images, Interferometric
Wide swath (IW), Ground Range Detected (GRD), VV polarisation images, and Sentinel-2B
Multispectral Instrument (MSI) images were used in this study.

2.11 Coastal Vulnerability Index

The Coastal Vulnerability Index (CVI) is a technique for assessing and quantifying coastal areas'
vulnerability to the effects of coastal disasters (Kumar and others, 2010. It assists in identifying
areas that are more vulnerable to coastal erosion, inundation, and other negative effects due to
their physical characteristics and susceptibility to these hazards (Torresan et al., 2012).

The coastal vulnerability index approach has been found to be iterative in nature in India.
Numerous studies have come up revealing different CVI variables which have immensely assisted
to robust the CVI technique. Hegde and Reju (2007) was the first study to apply the Coastal
Vulnerability Index (CVI) methodology in India applied at Mangalore coast. Using technique
given by (Gornitz et al., 1994; Gornitz et al., 1997) to assess coastal vulnerability to SLR. The
index comprises physical and geological indicators and, on occasion, socio-economic indicators
comprised of shoreline change, coastal slope, geomorphology and population density.
Nonetheless, they recommended the use of additional parameters, such as sea-level change, tidal
range, significant wave height, and the probability of storm surges, and which were later included
in more recent studies in coastal areas of India. Mani Murali and others (2013) incorporated
population density and tourist density, While Jana and Bhattacharya (2013), Sankari and others
(2015) and Mahapatra and others (2015) included LULC change as CVI parameters.

Moreover, Kumar and others (2010), Kumar and Kunte (2012), Mani Murali and others (2013),
and the Indian National Centre for Ocean Information Services (INCOIS) (2012) further added
coastal regional elevation to their CVI for their assessment conducted in Orissa State, Chennai,
Puducherry, and the entire coast of India. Kumar and Kunte (2012) included storm surge as a CVI

parameter and Nayak and Bhaskaran (2014) tsunami run-up and the frequency of cyclones making
landfall. Later, Parthasarathy and Natesan (2015) further included beach width in their CVI of the
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Tuticorin coast on the Gulf of Mannar, a parameter that had not previously been used in other
studies in India.

The vulnerability of the coast to SLR or any other coastal hazard is not only a function of its
susceptibility to geological parameters (i.e., rate of shoreline change, coastal regional elevation,
coastal slope, geomorphology, and beach width), physical processes (i.e., rate of sea-level change,
tidal range and significant wave height) and its exposure to short-term hazards such as storm surges
and tsunamis, but also contextual or social vulnerability, as this influences the capacity for
adaptation. Social vulnerability refers to the socio-economic and demographic factors affecting
the resilience of communities (Flanagan et al., 2011).

2.11.1 Coastal Vulnerability Index in India

In this regard, there have been numerous studies assessing the vulnerability of different sections
of the coast of India to SLR following the methodology developed or by incorporating more
coastal vulnerability variables.

Along the east coast of India, Ahsan and Warner (2014) also computed a socio-economic index
comprising 60 indicators that they obtained from household surveys to assess the vulnerability a
region of southwestern Bangladesh to climate change. In addition to population density and the
rate of population growth, other variables influencing the capacity for adaptation, i.e., percentage
of dependent population, percentage of households living below poverty line, illiteracy rate, to
name a few, were included. Kumar and others (2010) assessed the coastal vulnerability of Orissa
coast. the study considered shoreline change rate, sea level change rate, coastal slope, significant
wave height, tidal range, regional elevation, coastal geomorphology and tsunami arrival height. in
earlier studies, tidal range was assumed to include both permanent and episodic inundation
hazards. However, the mean of the long-term tidal records tends to dampen the effect of episodic
inundation hazards such as tsunamis due to which, tsunami run-up was considered. it concluded
that, it proves the usefulness of remote sensing data, in situ observations, numerical modeling, and
GIS analysis tools for coastal vulnerability studies. Chandrasekar and Joevivek (2011) studied
coastal geomorphological vulnerability of the coastline between Kallar and Vembar lies in the
Gulf of Mannar. They studied different parameters like LULC, shoreline changes, sediment
transport during pre-monsoon, monsoon, post-monsoon seasons and opined that, Beach
morphological changes are influenced by intensive sand mining along the coast and coral mining
in the barrier coral islands. Ahammed and Pandey (2019), focusing on the vulnerability of the
coast of Andhra Pradesh to cyclones, used only five social variables; population growth and
density, number of people living in a household, cyclone shelter house and transportation
accessibility to compute their SoVI. Yadav and Barve (2017) assessed the socio-economic
vulnerability of coastal communities affecting by cyclones in the State of Odisha using 29 socio-
economic variables, which population density, the rate of population growth, percentage of rural
population, distance to cyclone shelter, unemployment rate, and the frequency and impacts of
floods, and lack of logistical support during a cyclone as the most influential.

58



Mujabar and others (2013) assessed the coastal vulnerability index for erosion of the coast between
Kanyakumari and Tutikorin, Tamil Nadu. they considered parameters like: Geomorphology,
shoreline change rate, coastal slope, sea level change, mean wave height, mean tidal range for the
assessment and it was resulted that physical and human intervention processes are major causes of
erosion in the study area. Poompavai and Ramalingam (2013) studied Coastal risk of Kattivakkam
to Kovalam, Tamil Nadu. The study used different parameters from other vulnerability
assessments. They used Environmental Vulnerability Index (EVI), Social Vulnerability Index
(SVI), Hazard Potential Index (HPI), Mitigation Capacity Index (MCI). Computed integrated
coastal risk index (CRI). It is a multi-scale approach in which Cyclones are used as the indicator
of coastal risk. Likewise, the Coast between Rasulpur and Subarnarekha (Odisha) was assessed by
Jana and Bhattacharya (2013). They took Shore line change rate, land use and human activities,
population density. They studied social parameters also to assess coastal vulnerability.

Chandrasekhar (2014) assessed the vulnerability of Orissa coast at district level to cyclones and
floods by focusing on the biophysical components. An ‘integrated approach’ was adopted to assess
vulnerability which is viewed as a function of exposure, sensitivity and adaptive capacity.
Pearson’s correlation was calculated between determinants and major components of vulnerability
which revealed that Balasore, Bhadrak, Jajpur, Kendrapada, Malkangiri, Nabarangpur, Nuapada
and Rayagada were highly vulnerable and Angul, Jharsuguda, Khurda, Sambalpur and
Sundargarh least vulnerable, rest found to be moderate.

Kantamaneni and others (2019) conducted an extensive literature review of coastal vulnerability
assessments and an assessment of Andhra Pradesh coastline which tried to understand hazard
factors and threat risk levels, they emphasized that despite substantial vulnerabilities, the risk to
the coastline of Andhra Pradesh has not been rigorously evaluated. Anticipated SLR is likely to
result in the loss of land, increase in salinity and the decline of water quality, especially in
agricultural fields, with predominantly negative impacts on the economy and population of coastal
Andhra Pradesh.

Along the west coast of India, Mohan and Jairaj (2013) assessed the coastal vulnerability of Kerala
coast by taking Physical vulnerability and Social vulnerability variables into account by deploying
Analytical Heirarchy Process (AHP) and Remote sensing techniques. They also studied shoreline
change rate of Kerala coast. The study revealed that about 65% of the Kerala coastline is eroding,
21% is under accretion and about 14% is under stable status. Coastal vulnerability is high at
Poovar, Punathura, Poonthura to Veli, Kadinamkulam, Kollam to Chavara regions and Punnapura
in South zone, in Central zone include Fort Kochi to Vypin, Cochin Harbour to Azhikode,
Chavakkad and Ponnani. And in the north the highly vulnerable areas include Kasargod Harbour,
Azhikal to Mappila fishing harbor, Kizhunn to Dharmadam, Kozhikode beach to Kuttichira and
Beypore.

Dwarakish and others (2008) used the CVI methodology to assess the vulnerability of Udupi coast,
Karnataka. Their study used information on past sea-level change, tidal range and significant wave
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height, in addition to the physical and geological parameters but without considering population
density and any socio-economic variable. Hegde and Reju (2007) assessed Mangalore coast, from
Talapady to Surathkal. Index method was used and Physical and Social parameters were taken,
geomorphology, regional coastal slope, shoreline change rates and population but they opined that
additional physical parameters like wave height, tidal range, probability of storm, etc. can enhance
the quality of the CVI. Kantamaneni (2016) referred a modified vulnerability assessment model
in addition to Geomorphology and physical parameters dominant assessment methods. The
referred methodology was applied in Aberystwyth coast which estimated the vulnerability of the
coastal infrastructure (comprising population, commercial and residential properties).

de Sherbinin and Bardy (2015) assessed the social vulnerability of two cities to flooding, i.e.,
Hurricane Sandy, which affected New York City in 2012, and the Mumbai flash floods of 2005,
by developing an index incorporating 20 social variables for New York City and 12 variables for
Mumbai, including population density and variables representing the characteristics of the
population impacting on its capacity for adaptation such as the percentage of the population that
is female and under six years of age, and the rates of literacy and unemployment. Mahapatra and
others (2015) conducted a study to assess the vulnerability of Gujarat coast due to predicted Sea
level rise, by using remote sensing techniques, numerical simulations and field work. The study
computed CVI and revealed that, 45.67% coast is under high to very high risk category and 54.33%
coast in under moderate to low risk category., and concluded that this approach can be used
effectively by coastal management authorities.

2.11.2 Coastal Vulnerability Studies in Goa

Goa is highly susceptible to tropical cyclones and monsoon-related severe rainfall, which can
create storm surges and coastal floods. This endangers coastal communities, livelihoods, and
infrastructure in the region.

In this regards, Mascarenhas (1999) studied Coastal regulation zone of Goa from different
perspectives of Oceanographic, environmental and Societal perspectives. The study found that,
sectoral practices, partisan policies, unbalanced tourism, and absence of political have contributed
to the violation of CRZ legislation, also an unplanned developmental activities made Baga—
Sinquerim the most severely degraded strip of the Goan coast. Again, Mascarenhas (2000) also
studied the status of coastal environment of Goa. As the degrading environment may lead to higher
costal vulnerability of the region, He observed various factors which are degrading coastal areas,
as well as he opined that predicted sea level rise effect may be less severe on the sandy beaches of
Goa as most of them have an appreciable gradient. But minor increase in levels will significantly
influence inland water bodies and particularly the low-lying "khazan lands" of Goa as these
lowlands are at or even below the present sea level.

The INCOIS and the Integrated Coastal and Marine Area Management (ICMAM) carried out
mapping multi-hazard coastal vulnerability for the states. The general trend was demarcated in to
four classes (very high, high, medium and low), at macro-synoptic scales for all the coastal states.
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They emphasized that, coastal vulnerability aspects at micro level are to be accounted with
additional parameters such as cyclone, storm surge and coastal flooding. INCOIS also studied and
mapped the Coastal Vulnerability of Goa on 1:100000 scale.

Central Water Commission (CWC) (2016), prepared the status report on coastal protection and
development in India. The scope of the report covered general geography, causes of coastal
erosion, coastal protection measures and shoreline change rate. The shoreline change rate atlas
was prepared for all the coastal states and the study presented that in 2016, Goa had 27.06 sq. km
as eroding, 46.98 sq. km as accreting and 81.38 sq. km as stable shoreline. Similarly, Reddy and
others (2013) had presented a comprehensive account of soil erosion in Goa. Universal soil loss
equation method was deployed to determine erosion rate. The study revealed that Sanguem
(83682) ha/yr., Canacona (35204) ha/yr. and Quepem (31825) ha/yr. respectively, topped the chart
of highest soil erosion in all 11 talukas. Ponda Salcete, Pernem, Bardez, Bicholim, and Tiswadi
were among moderate and Marmugao had the lowest with (10913 ha/yr). According to the study
higher beach erosion rate was found in Sinquerim, Candolim, Dona Paula.

Before, Chachadi and Ferraira, 2002 had assessed aquifer vulnerability to sea-water intrusion
using GALDIT method. According to the study Goa falls under high to very high risk of salt water
intrusion, the surface inundation due to sea level rise is maximum along the Baga creek, Anjuna
area, Chapora creek and Nerul creek, whereas along the main coast it is minimum due to typical
topography. The eustatic SLR can inflict irreversible damages on the coastal freshwater aquifers
in the form of seawater intrusion. This could jeopardize the water availability and supply in the
heavily urbanized coastal belts.

In terms of wind and storm related vulnerability, National Disaster management authority
(NDMA) prepared the report of vulnerability profile of India. Goa lies under moderate damage
risk zone of Wind and Cyclone hazard, on the scale of low to very high damage risk. Also, the
Building Materials and Technology Promotion Council (BMTPC) (2019) has produced the
vulnerability atlas of India. The maps showed that, Goa fall under moderate category 48-63 MSW
(Maximum. Sustained Wind, in knots) speed. However, it is higher than north Karnataka. It has
also predicted storm surge height of 4.5 m for Goa. As well as, it has demarcated coastal south goa
as landslide prone area.

Human induced impacts on coastal areas have always been found to be dangerous for the coastal
ecosystem. Sawakar and others (1998) studied the issues of concern due to tourism in the coastal
part of Goa. They pointed out that there was a large amount of demerits also present due to
uncontrolled growth of tourism also it damaged coastal aquifers, sand dune system, and mangrove
vegetation. Panandikar (2016) studied vulnerabilities of Goa due to climate change. She observed
that Coastal erosion, Impact of infrastructure, Coral bleaching, adverse effect on fresh water and
salt water intrusion would be accelerated due to anthropogenic activities in the coastal belt.
Likewise, Nayak (2010) prepared a report for the National Centre for Sustainable Coastal
Management (NCSCM) about Goa coast Vulnerabilities. Climate change and associated sea level
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rise can be disastrous to Goa. It is realized that uncontrolled activities either on the waterfront or
beyond or on the land-based side could cause irreversible damage. The study emphasized that, to
maintain coastal regions of Goa, a detailed coastal zone resource information system is a
prerequisite. The issues found were erosion at Anjuna and Kerim beaches, seasonal erosion during
monsoon in several parts of the coastal stretch including headlands.
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3.1 Multi-Temporal Climate Trend Analysis
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The assessment has the spatial extent upon the coastal tracts of south goa and comprises of 40
years of meteorological datasets downloaded from the NASA POWER project. The data has been
divided into three different temporal periods to determine the climatic trends during different eras
(based on generally different socio-economic situations). Therefore, firstly, the long term trend
(1981-2020) has been analyzed and then, two short term trends (1981-1999, late twentieth century
phase) and (2000-2020, recent phase) have been analyzed to compare and contrast the impact of
changing socio-economic and demographic scenarios upon different climatic parameters.

In addition, the annual data has been divided each year into three periods (non-monsoon, monsoon
and annual) to investigate the annual and seasonal trends for both the long term and the recent
term periods (Table 3.1).

Table 3.1: Temporal Division of the Datasets for Climate Trend Analysis

‘ Long Term ‘
(1981-2020)

* Annual (Jan-Dec)
*Non-monsoon (Oct-May)
*Monsoon (June-Sep)

‘ Late Twentieth century ‘
(1981-1999)

* Annual (Jan-Dec)
*Non-monsoon (Oct-May)
*Monsoon (June-Sep)

‘ Recent ‘
(2000-2020)

* Annual (Jan-Dec)
*Non-monsoon (Oct-May)
*Monsoon (June-Sep)

Mann-Kendall test method is used to investigate all the seven climatic variables (Rainfall,
Minimum Temperature, Maximum Temperature, Diurnal Temperature Range, Land Surface
Temperature, Cloud amount and Soil Wetness) for each time period. To find out the magnitude of
the changes Sen's slope test is applied to compare and understand the variables trend in different
periods and phases, to find out if there are any dramatic changes in the trends during past forty
years (1981-2020).

3.1.1 Pearson's Correlation Coefficient

The correlation between two data points X and Y is the measure of the linear relationship between
the attributes X and Y. Pearson correlation takes a value from —1 (perfect negative correlation) to
+1 (perfect positive correlation) with the value of zero being no correlation between X and Y.
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Pearson correlation between two data points X and Y is given by:

Correlation (X,Y) = m

where s, is the covariance of X and Y, which is calculated as:

1 . .
Swy=—— 2i=1 (i =) (Vi — ) (1)
and s, and s, are the standard deviation of X and Y, respectively.

The Pearson correlation method is the most common method for numerical variables; it assigns a
value between — 1 and 1, where 0 is no correlation, 1 is total positive correlation, and — 1 is total
negative correlation (Kotu & Deshpande, 2019).

3.1.2 Mann — Kendall Test

As a tool for estimating the significance of trends in meteorological time series, the Mann-Kendall
statistical test has been frequently used (Tabari & Marofi, 2010, Subash et al., 2011, da Silva et
al., 2013). Mann-Kendall test statistics (Mann, 1945; Kendall, 1948) are calculated as follows:
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3.1.3 Sen's Slope Estimator

The slope of the trend in n pairs of data can be estimated using a nonparametric procedure
developed by (Sen, 1968). Based on Sen's method, the slope of the trend is estimated using a linear
model, and the variance of the residuals is calculated as follows:

Xj—Xk

Q; = X forl=1,...,n (6)

VQVhere X; and Xk,are the data values at times j and k (j > k), respectively. There is o%l one datum
(=X - 1,...n
in each tlme perlod SO N = n(n2 D

, where n is the number of time periods. If there are multiple

. . . . -1 .
observations in one or more time periods, then N < % Based on the n values of Q;, the median

slope or Seft's slope estimator is calculated as:

Qen+1)/2/ if nis odd

Qmea = (7
Data trends a%&r@%ﬁéé@é@ n the Quisisigm Whereas the value indicates the steepness of these trends.
A confidence interval of Qmeq at a specific probability can be obtained to determine whether the

RReeedrslopd (estdieife My it fédtit B8 Zero VARSS AHEHO 'GARRVEN 987), a confidence interval

can be calculatédfor the time slope as follows:

Co = Z1—a)2 Var(S) 8)

ngeg}’@g@k }Saglgﬁ)led in Eq. (4) and is derived from the standitgg normal distribution table.
Following this, M1 = (n—Ca )/2 and M2 = (n + Ca )/2 are computed. Qmin and Qmax are the lower
and upper limits of the confidence interval, respectively. They are the lowest and largest n-ordered
slope estimates (Gilbert, 1987). If the slopes of the two limits (Qmin and Qmax) have a similar sign,
the slope Qmed 15 statistically different from zero. Since there is no requirement for data to conform
to a particular distribution and no restrictions on missing values, Sen's slope estimator has been
widely used in meteorological time series (Yue and others, 2002, EINesr, 2010). These advantages
to this method has made it useful for analysing atmospheric chemistry and climatological data.

3.2 Multi-Temporal Land Use Land Cover Assessment
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Fig 3.3 Flowchart of Methodology of the Multi-Temporal LULC Assessment.

3.2.1 Datasets
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In the present study, multi-temporal Landsat TM, ETM, OLI-TIRS have been utilized for a
comprehensive land use land cover study. These Landsat datasets have been acquired from the
USGS Earth Explorer platform (https://earthexplorer.usgs.gov/), and specific details regarding
each dataset are provided in Table 3.2. To ensure precision and consistency, the multi-temporal
images were selected from the same season. All images shared a consistent spatial resolution of
30 meters. For the land use and land cover analysis, the visible and infrared bands (excluding the
thermal infrared) have been integrated. The topographical maps of the study region have been
collected from the Survey of India (https://www.surveyofindia.gov.in/) (Refer to Section-1.2 for
toposheet numbers) A total of 120 ground control points have been gathered for the training of the
classification. The meticulous selection of Landsat and IRS LISS-3 data, incorporation of relevant
spectral bands, integration of topographical information collectively contribute to the robustness
and accuracy of the land use and land cover analysis conducted in this study (In the coastal areas,
Mean Absolute Error (MAE), Root Mean Square Error (RMSE), LE90 error of the SRTM 30m
DEM compared to the GPS measurements, are 2.83m, 3.82m, 5.85m respectively (Zhang et al.,
2019)).

Table 3.2 Data Acquisition Details for the Multi-Temporal LULC Assessment.

Dataset Resolution | Month & Year | Source
Landsat 5 |30m 23-Feb-1990 & | USGS Earth
™ 19-Feb-2000 Explorer

IRS - LISS | 23.5m 13-Nov 2011 | Bhuvan

3 NRSC
Landsat 8 | 30m March-2020 USGS Earth
OLI Explorer

3.2.2 Image Pre-processing

Image preprocessing is a vital step in remote sensing before applying land use land cover
classification analysis (Jianya et al., 2007). This essential phase involves a series of techniques
designed to enhance image quality, reduce noise, correct geometric and radiometric distortions,
and prepare the data for subsequent analysis. The goal of image preprocessing is to ensure that the
data is in a suitable format for accurate and meaningful interpretation. The level 2 data of the
Landsat images have been acquired in this study which was already geometrically and
radiometrically corrected (Prasad et al., 2022). Image enhancement and noise removal have been
performed in the ERDAS Imagine software.

3.2.3 Image Classification

The mapping of land cover classes typically derives from digital remotely sensed data, facilitated
by the process of digital image classification (Kiefer et al., 1994; Shalaby and Tateishi, 2007). The
overarching objective of image classification is to automatically categorize all pixels within an

69



image into distinct land cover classes or themes (Kiefer et al., 1994). There are different land use
land cover classification methods available in the literature. Among them, the supervised
classification method is most popular and robust in comparison to the other methods. Therefore,
in the current research, supervised method has been employed. Supervised land use classification
serves as a technique employed in remote sensing and geographic information systems to
categorize and map diverse land use types within a defined geographical area. This methodology
hinges upon the utilization of labelled training data to instruct a classification algorithm,
subsequently employed to categorically assign and map the entirety of the study area. This process
involves the incorporation of ground checkpoints and topographic data from the study region. The
study area has been divided into Six principal classes, encompassing Agriculture, Barren land,
Built-up land, Vegetation, Water bodies and Wetlands.

3.2.4 Accuracy Assessment

In the realm of land use land cover mapping, three pivotal metrics—user accuracy, producer
accuracy, and the kappa coefficient play a fundamental role in evaluating the precision and
dependability of the classification or mapping process (Hassan et al., 2016; Prasad et al., 2022).
These metrics yield invaluable insights into the caliber of classification outcomes and the degree
of concordance between the classified map and the reference data.

3.2.4.1 User Accuracy

User accuracy, commonly referred to as user's accuracy or commission error, gauges the
proportion of correctly classified pixels within a specific class on the classified map, relative to
the reference data. Generally, the user accuracy for a class "i" is calculated as follows:

. Number of Correctly Classified Pixels of Class
User Accuracy (Class i) = / Y f — / *100% (1)
Total Number of Pixels Classified as Class
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3.2.4.3 Kappa Coefficient

The kappa coefficient, frequently referred to as Cohen's kappa, represents an additional statistical
measure of concordance between the classified map and reference data, accounting for the
expected agreement arising solely by chance. It furnishes a more robust assessment of accuracy
compared to individual user and producer accuracies, particularly when dealing with imbalanced
classes or a substantial number of classes. The formula for computing the kappa coefficient is as
follows:

3)

Where Pi denotes observed agreement between the classified map and the reference data (the ratio
of correctly classified pixels to the total number of pixels) and Pq illustrates the expected
agreement due to chance. The kappa coefficient ranges from -1 to +1, where +1 indicates perfect
agreement, 0 suggests agreement no better than random chance, and -1 indicates complete
disagreement.

The application of user accuracy, producer accuracy, and the kappa coefficient in land use land
cover mapping holds paramount significance in evaluating the overall credibility of classification
outcomes. Moreover, these metrics aid in identifying potential error sources and steering the
enhancement of classification algorithms and methodologies. Collectively, these metrics empower
researchers and practitioners to make informed judgments about the caliber of land cover maps,
thereby augmenting the accuracy of ensuing analyses and applications.

3.3 Multi-temporal Anthropogeomorphic Impact Assessment
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Fig-3.4 Flow Chart showing the Methodology of Multi-Temporal Anthropogeomorphic Impact
Assessment Conducted using the Newly Postulated Model — Nigam-Kotha Model of
Anthropogeomorphic Impact At Ecumene (AGI@E).

According to the newly postulated model “Nigam-Kotha model of Anthropogeomorphic Impact
at Ecumene”, also known as “AGI@E” - To quantify the impact of the Anthropogeomorphic
Process (AGP), “The pressure of anthropogenic activities upon the geomorphic system is the
product of the square roots of anthropic stress and the geomorphic susceptibility of the region”.
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3.3.1 Nigam-Kotha model of Anthropogeomorphic Impact at Ecumene (AGI@E) -
Mathematical expression

Mathematically, AGI@E can be expressed as,

AGI@EZ\/(Z(a+b)+c+d) \/(2(e+f+g+h)+i+j) (1)

4 6

Which can further be divided into,

Amount of Anthropic Stress (AS) = \/@ o)

Where,

Anthropic pressure (a & b) exerted is twice the intensity compared to the Lack of perception (¢ &
d) in a given area and,

(2(e+f+g+h)+i+j)
6

Amount of Erosive Susceptibility (ES) = \/ 3)

Where,

Geomorphic Setting (e, f, g & h) in a given area is twice the resistance against Erosive driver (i &
J)-

Where,

a = Ecumene

b = Population Density

c = Illiteracy

d = Population below poverty line
e = Rock type

f=Slope

g = Aspect (Rain)

h = Aspect (Solar)

i = Climate

j = Hazard
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Table-3.3 Data Sources of the Ten Parameters used in the Model AGI@E.

Parameter

Category

Source

Ecumene Area (a)

Anthropic pressure

Satellite Imagery

Population Density (b)

Anthropic pressure

Population Census

literacy (in %) (¢)

Lack of perception

Population Census

Population Below Poverty Line
(In %) (d)

Lack of perception

Population Census

Rock Erodibility (e) Geomorphic setting Field Data

Slope (f) Geomorphic setting DEM & Field Survey

Rain Aspect (g) Geomorphic setting DEM & Field Survey

Solar Aspect (h) Geomorphic setting DEM & Field Survey

Climate (i) Erosive Driver Field Survey  And
Koppen Climatic
Classification

Hazard (j)

Erosive Driver

Field Data & Hazard
Inventory

Table-3.4 AGI@E Score Classification with Color Coding, According The Level of Impact

Susceptibility

Degree of Anthropic Pressure & Degree of Erosive

Score

Level of Impact

Low Impact

5-10

Moderate Impact

10-20

High Impact

Severe Impact

Anthropogeomorphic Impact at Ecumene (AGI@E)

Score

Level of Impact

Low Impact

50-100

Moderate Impact

100-200

High Impact

Severe Impact

3.3.2 Analytical Hierarchy Process

The weightages of different parameters incorporated in the model AGI@E have been calculated
by using the Analytical Hierarchy Process (AHP).
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A multi-attribute evaluation method: AHP uses ‘pair-wise comparisons’ and matrix algebra to
weigh criteria. The decision is made by using the derived weights of the evaluative criteria (Saaty,
1980). After the hierarchy of the problem is constructed, the matrices of pair-wise comparisons
(Eq. (4)) are obtained. In this matrix, the element aij %4 1/aij and thus, when i V4 j, aij %4 1. The
value of wi may vary from 1 to 9, and 1/1 indicates equal importance while 9/1 indicates extreme
or absolute importance (Saaty, 1980).

1 wl/w2 - wl/n
w2/wl 1 o ow2/n (4)
wn/wl wn/w2 - 1

In the comparisons, some inconsistencies can be expected and accepted. When A contains
inconsistencies, the estimated priorities can be obtained by using the matrix (Eq. (4)) as the input
using the eigenvalue technique (Eq. (5)) (Saaty, 1980).

(A —AmaxI)q = 0 (5)

where Amax is the largest eigenfactor of matrix A of size n; q, is its correct eigenfactor; and I is
the identity matrix of size n. The correct eigenfactor, q, constitutes the estimation of relative
priorities. Each eigenfactor is scaled to sum up to one to obtain the priorities. Saaty (1977)
demonstrated that Amax % n is a necessary and sufficient condition for consistency. Inconsistency
may arise when Amax deviates from n due to inconsistent responses in pair-wise comparisons.
Therefore, the matrix A should be tested for consistency using index, CI, has been constructed

(Eq. (6)).
Cl =(Amax —n) (n—1) (6)

CI estimates the level of consistency with respect to a comparison matrix. Then, because CI is
dependent on n, a consistency ratio CR is calculated, which is dependent of n (Eq. (7)) (Saaty,
1980).

CR = CI/RI (7)

where CI is the consistency Index; RI is Random Index (RI) generated for a random matrix of
order n, and CR is consistency ratio (Saaty, 1993). The general rule is that CR 0.1 should be
maintained for the matrix to be consistent. Otherwise, all or some of the comparisons must be
repeated in order to resolve the inconsistencies of the pair-wise comparisons.

3.3.3 AGI@E parameter weightages
» Ecumene area (a)
o Steps to determine the amount of an ecumene area are as follow;

1. Carry out LULC classification of the study area.
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Demarcate the agriculture, built-up and mining regions (ecumene) in the study area.
Find out the area (in sq. km) under these land use out of the total study area.
Convert the values to percentage of the total study area to get the input value.

Population density of the study area (b)

Population density of the city/village/state = Total population (8)

Total area
Total population

opulation density of the city/village/state = a—— @)
Hliteracy (c :
pulation}één)sity of the city/village/state = Total population )

Total area

. . vy iliter L population
niatiencyensiperddhe séy: Wﬁmlpopumpﬁ%m—? A (8)
lation density of the city/village/state = ————PL 200 (8)

Total area
Total population

ation density of the city/village/state = (8)

Total area

Bopulation Below aayextydingdd) — Total population (8)

Total area
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P e ot ML (8)
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R il e = S ®
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Total area

density of the city/village/state = P B— (8)
Steps to determine rock type weig follow;
den%ity of the city/village/state = a8l A (8)

Total area
Bisiegoingtheitpakitipe/prasent A LRI AL (8)

Select th wejfghtaﬁe according fheqigeknieasnt in the study area (Ecumene).
%E /v1 aﬁe{
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y of the Erodibility ®)
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ii.

iii.

1v.

11.
ii.

1v.

Vi.
vil.

> Slope (f)

O

Steps to determine Slope input value:

Create a slope map of the ecumene area.

Overlay the LULC map upon the slope map to determine the amount of different land use
(only the built-up, agriculture and mining are considered to form an ecumene) (in sq. km)
located in different slope range (Table-3.6).

Convert the land use areas from sq. km to percentage under each of the slope range. For
instance; 23% of ecumene located in the slope range of 1°-5° and so forth.

Multiply the area of ecumene (in percentage) under each slope range with the respective
slope weightage. From the above example; 23% of ecumene located in the slope range of
1°-5° will be 23 multiply by 5.806 and so forth.

Lastly, add the product values of all the slope range to determine the final slope value.

Table-3.6 Slope Range Weightage.

Slope Weightage | Slope Range (in | Slope Type
Degrees)
5.680 <1 Level Slope
5.806 1-5 Gentle Slope
11.360 5-10 Moderate Slope
11.949 10-20 Steep Slope
22.720 20-40 Very Steep Slope
42.485 >40 Extremely Steep Slope

Aspect Rain (g) and Solar (h)
Steps to determine Rain and Solar Aspect input value are as follow:

Create an aspect map of the ecumene area.

Find out which aspect direction having maximum of ecumene of the study area.
Determine the windward and leeward sides of the ecumene with respect to rain and
sunlight.

Determine where the ‘aspect direction having maximum amount of ecumene’ is located,
windward side or leeward side.

Select one of the types of rain aspect (from table-4) where the majority of ecumene is
located.

Repeat (Step-v) for the solar aspect as well.

Put the selected aspect values of rain and solar into the AGI@E equation.
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For instance: a case study (see chapter-5, results), Southwest direction has the maximum ecumene
amount. Additionally, southwest is also the windward side in the study area. Therefore, the
predominantly windward side category’s weightage (25.954) is chosen for rain aspect. Similarly,
weightage (25.954) is selected as solar weightage because coastal south goa lies in northern
hemisphere, facing south (Table-3.7).

Table-3.7 Rain and Solar Aspect weightages

Rain Aspect | W.R.T Rainfall Solar  Aspect | W.R.T. Sunlight
Weightage (Chemical Weightage (High/Low Sun)
Weathering) (Exfoliation
Weathering)
Predominantly Leeward North  Facing(In  N.
Side, If >80% Facing Hemisphere) South
5.933 5.933 Facing (In S. Hemisphere)
Partially Leeward Side, Partially North Facing (In
I£>50% Facing N. Hemisphere) Partially
South Facing (In S.
6.192 6.192 Hemisphere)
Partially Windward Partially South Facing (In
Side, If >50% Facing N. Hemisphere) Partially
North Facing (In S.
12.384 12.384 Hemisphere)
Predominantly South Facing (In N.
Windward  Side, If Hemisphere) North
25.954 >80% Facing 25.954 Facing (In S. Hemisphere)
Negligible Slope = No Negligible Slope = No
Aspect = Maximum Aspect = Maximum
49.537 Exposure 49.537 Exposure

» Climate (i)
o Steps to determine climate weightage:
1. Determine the climatic type (Koppen climate classification, see Acronyms for more
details) of the study area.

ii.  Select the weightage of the suitable climatic type from (Table-3.8).
iii.  Put the weightage value in the model AGI@E equation.

Table-3.8 Climate weightages.
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(Note- Consider the mean of the climatic weightages, if more than one climate type is present in
the study area).

Climate Type | Weightage | Sub-Category | Weightage
Tropical 52.086 Aw Or As 7.440
Am 14.880
Af 29.760
Dry 5.928 BW 1.187
BS 4.743
Temperate 24.290 CS 3.471
CW 6.939
CF 13.879
Continental 11.625 DS 1.660
DW 3.319
DF 6.669
Polar 6.072 EF 2.023
ET 4.046

» Hazard (j) (According to their severity)
o Steps to determine hazard weightage are as follow;

i.  If more than one type of geomorphic hazard is present/suspected in the study area,
Calculate the sum of the hazards from (Table-3.9) and put the weightage into the model
AGI@E equation.

ii. If only one type of geomorphic hazard is present, then select a single hazard weightage
from the (Table-3.9).

Table-3.9 Geomorphic hazard weightages

Hazard Type | Weightage Sub-category | Weightage
Wildfire 2.10 NA NA
Drought 2.13 NA NA
Thunderstorm 2.24 NA NA
Blizzard 2.31 NA NA
Avalanche 2.74 NA NA
Cyclone 3.50 NA NA
Sink Hole 5.65 NA NA
Land NA NA
Subsidence 6.05

Landslide 6.05 NA NA
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3.3.4

Flood 6.74 NA NA

Sea Level Rise | 7.44 NA NA
GLOF 9.69 NA NA
Tsunami 10.14 NA NA
<MSK-VI
Earthquake (1), 1.108

MSK-VII (3) |2.215
MSK-VIII (4) | 4.432
>MSK-IX (8) | 8.863
Volcanic NA NA

Eruption 16.90

Ground Trothing — Soil Erosion Assessment using Revised Universal Soil Erosion
Equation (RUSLE) Model.

Data Input

The required geospatial datasets such as precipitation, soil, land cover, topography, and
slope were imported into Google Earth Engine. These datasets were acquired from
reputable sources and were preprocessed to ensure compatibility with the Earth Engine
platform.

The imported datasets were organized into Earth Engine Image Collections. This step
involved structuring the data to create a foundation for subsequent calculations.

Calculation of RUSLE Factors

Rainfall Factor (R): It is a critical component of the RUSLE model, was calculated by
employing long-term precipitation data obtained from the Earth Engine dataset collection.
This involved utilizing methods like the Fournier Index or the Modified Fournier Index to
accurately estimate patterns of rainfall erosivity in the study area.

Soil Erodibility Factor (K): This was determined by analysing soil properties such as
texture, organic matter content, permeability, and other soil characteristics. High-
resolution soil datasets were accessed within Google Earth Engine repository to derive
these parameters.

Slope Length and Gradient (LS): Accurate calculations of the slope length and gradient
factor (LS) are crucial. Utilizing SRTM 30m digital elevation models (DEMs) available in
Earth Engine, slope and flow accumulation were computed. This allowed for the derivation
of LS values, considering both the length and steepness of slopes.

Cover Management Factor (C): The cover and management factor (C) was assessed by
integrating land cover classification datasets available in Google Earth Engine. These
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datasets captured information on various land cover types, vegetation density, and land
management practices, which significantly influence soil erosion rates.

* Support Practices Factor (P): The support practices factor (P), encompassing conservation
practices such as terracing, contour farming, and other soil conservation measures, was
examined. This involved incorporating additional datasets or field-based information to
quantify the influence of support practices on soil loss.

Table- 3.10 Data used in the soil erosion assessment in the study area.

Period
Jan-1-2001 to Dec-31-2001 | Landsat-5 MSS, L-2, Collection-2, Tier-2
Jan-1-2020 to Dec-31-2020 | Sentinel-2, Multi-Spectral Instrument, L-2

Datasets
Rainfall CHIRPS
Soil Open Land Map
DEM SRTM 30m
Classification Priority Scale for Classification

o RUSLE Calculation

With the computed values of R, K, LS, C, and P in place, the Revised Universal Soil Loss Equation
(RUSLE) was applied to estimate soil erosion rates at each spatial location within the study area.
The RUSLE equation used for this estimation was as follows:

Erosion (A)=R*K *LS*C*P (11)
o Soil Erosion Mapping

The results of the RUSLE calculations were visually using Google Earth Engine. Maps and
statistics are created to describe and validate the spatial distribution of estimated soil erosion rates.
These visualizations enabled a clear understanding of the erosion risk in the study area.

o Validation and Accuracy Assessment

Validation of the model was a critical step. To evaluate the accuracy of the RUSLE-derived erosion
rates, a thorough comparison was made with ground truth data and other reliable sources of erosion
information. Statistical measures, including the Root Mean Square Error (RMSE) was computed
to assess the model's performance and provide insights into its reliability.

3.4 Multi-Temporal Beach Litter Assessment
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Fig-3.5 Flowchart of the methodology of Multi-Temporal Beach Litter Assessment.
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There are several methods to collect beach litter samples for its status and composition
assessments; however, the present study has adopted the Oslo and Paris Commission (OSPAR)
methodology. The OSPAR Commission has a standardized methodology implemented in the
North-east Atlantic region by the member countries, which was also adopted by researchers
worldwide. The OSPAR led conditions were largely followed in the present beach litter surveys
that include that all the four selected beaches are composed of fine sand and exposed to the open
sea, more than 1 km in length, easily accessible for surveying year around; and are easily accessible
to remove/collect beach litter. However, the two conditions (free of buildings, no litter collection
by any agency) of OSPAR methodology could not be applied in the present study area, as the
coastline is dotted with several beachfront resorts and seasonal beach shacks (which are generally
considered as the prime factor of beach littering hence, collection agencies are active).

For the categorization and assignment of separate IDs for each litter particle type, slightly deviated
method is followed as adopted in Kaladharan et al. (2017), that has enabled the present study to
compare the results with a previous study conducted by Kaladharan et al. (2017). The initial aerial
surveys using UAV for reconnaissance of study area helped us to select the suitable beaches and
sites data collection during lockdown phase, as the entry to the beaches was restricted due to
COVID-19 lockdown restrictions.

Each sampling transect was demarcated by creating a transect quadrant by taking a length of 100
m (parallel to the sea, at the low tide line) from the permanent reference point and the beach width
(perpendicularly between the low tide line and the first plants behind the beach). Permanent
reference points were marked using permanent building structures (such as; resort boundaries,
electric poles, etc.) and GPS coordinates to ensure the next survey visit should collect the samples
from a similar site. As each of the selected beaches is more than 1 km long, three different sampling
transects were demarcated at each of the four beaches to collect the samples (in total, 12 transects).
All the three transects on each beach had more than 100 m distance between them. Arrangements
were made with the beach cleaning agency to provide their cleaning schedule, so surveying was
carried out before the cleaning schedule. The litter samples were transported to the collection site,
and the details of samples which could not be transported in their quantity were noted down.

Additionally, expert comments regarding the status of the litter transects and local anthropogenic
settings (tourism infrastructure, crowd, dustbin locations, litter spread, etc.) were also noted down
on-site. Transported samples were washed with fresh water to remove sand and unwanted organic
material. Later, the samples were kept overnight under the fan to evaporate the moisture content
and later differentiated into six different categories (loosely based upon Kaladharan et al., 2017),
as given in Table 3.10.

Later on, each litter category was weighed separately using a top pan balance to know the relative
weight and recorded as gm/transect.
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Table-3.11 Categorization of Beach Litter.

Categories | Material
Nylon ropes and Rubber — part of fishing gear
Plastic (polyethylene bags, sachets, snack boxes, bottles, etc.)

Footwear (other than leather items)

Glass (liquor bottles, liquor drinking glass, and bulbs)
Metal (items containing a significant amount of any metal)

™ m g O W >

Thermocol (related packaging products)

First of all, the data was processed to determine litter quantity at each beach. Later, the entire litter
was converted to a percentage to determine each litter category's share at each beach during
different periods. Further, the relative litter weight was converted to g/m* by calculating the mean
of beach litter quantity;

Total amount of litter at a beach (g) (1)
/Total area of all three transects (m?)

] Total amount of litter at a beach (g)/Total area of all three transects (m2)
Similarly, the Per capita share of beach litter w3s also calculated by;

The total amount of litter at a beach (g) (2)
/Total beach village population (counts)

The total amount of litter at a beach (g)/Total beach village population (counts)
Later, variations in litter amount in January 2021 aanYIay 2020 was calculated as the percentage

difference between the two;
V1-v0
Vo

where, V1 = January 2021, VO = May 2020.

In addition, six color codes were allocated to grade the studied beaches based on the mean quantity
of beach litter found by following the literature (Kaladharan et al., 2017) (Fig.-3.6).

%100, (3)

Grade Very Clean Fair Moderate Littered Heavily
clean littered

Colour

codes

Mean <1 1.1-10 10.1-20 20.1-50 50.1-100 >100

levels g/m’ g/m’ g/m’ g/m’ g/m’ g/m’

Fig- 3.6 Beach Color-Coding Scale (Adopted from Kaladharan et al., 2017).

Lastly, inferential statistical method Analysis of Variance (ANOVA) was computed using the
statistical software, to determine the share of each of the litter categories during lockdown and
unlock period.
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3.5 Multi-Temporal Air Quality Analysis
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Fig- 3.7 Flowchart of the methodology of multi-temporal air quality analysis

The present study has broadly adopted the methodology given by Nigam and others (2021) in
which the assessment was conducted based on the Central Pollution Control Broad (CPCB),
NAMP datasets. In the present study, seven-year monthly air pollutant data (SO, PM; s and PM,)
for eight different stations were downloaded from the Goa State Pollution Control Board (GSPCB)
portal (http://goaspcb.gov.in/). The GSPCB provides pollutant data only from the manual
monitoring network, due to which only the SO,, PM; 5, and PM,, pollutant data were available.

Rainfall during the monsoon season in Goa plays a significant role in supporting agriculture,
recharging groundwater, and influencing socio-economic conditions.

Yearly concentrations of PM;o, PMy 5. SO, and NO, were downloaded from the GSPCB website
for the year 2014 to 2020. Later, to separately determine the impact of weather on the pollutant
concentrations, each year was assessed for two seasons: monsoon (June to September) and post-
monsoon (October to May of the succeeding year).

The descriptive and inferential statistical methods consisting of mean, standard deviation, and
mean difference in percentage were employed to perform the meta-analysis of continuous data.

The mean value of monthly data was computed to determine the annual mean values of each
pollutant for each of the 7-year.

_x
Mean = m (1)

where X; is the sum of the monthly pollutant value in a year and N is the total number of months
in the year.

The standard deviation was computed to determine variation in the pollutant’s concentration from
its annual mean value.

where Xj is the monthly pollutant value in the year, p is the mean pollutant value of a year and N
is the total number of months in the season. For example, N=4 for monsoon, and N=8 for post-
monsoon.

Further, the present study has also applied a method formulated by the CPCB, the EF of the air
pollutants. EF is the “proportion of the yearly average concentration of a pollutant and its particular
standard” (Haque and Singh, 2017). In other words, it is applied to show the intensity and the
status of air quality at a particular place in comparison to annual standards of the pollutants given
by the CPCB.
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Yearly average concentration of the pollutant
EF = Xavaverag - (3)

Yearly standard for that particular pollutant

Based on equation (3), the air pollution levels can be categorized into four classes as follows. EF
< 0.5: Low pollution; EF between 0.51-0.99: Moderate pollution (M); EF between 1 — 1.5: High
pollution (H); and EF> 1.5: Critical pollution (C).

The meteorological data consisting of rainfall, maximum (Tpax) and minimum (Tyin) temperature
was obtained from https://www.worldweatheronline.com.

3.6 Multi-Temporal Sea Level Rise Inundation Assessment
3.6.1 Data Collection

The present research has applied a modified version of the "bathtub" model (BTM), which includes
considerations for the eight-sided hydrological connectivity (HC) instead of four-sided
hydrological connectivity. HC refers to the way water flows across the landscape. There are two
HC rules, Four-sided Rule: A grid cell in the DEM is considered hydrologically connected if any
of its four cardinal directions (north, south, east, west) are connected to a flooded cell. Eight-sided
Rule: Connectivity is considered in both cardinal and diagonal directions.

T % 9122 |.9
.1 26| 7|3
land / v AERE
2121219 sea-level rise 4-eide 215|122
-level ri 5
212]|6].7]3|5 = scenariol1m connschivity
= [oR
S EC Tl K \ o[2]2Te
2|5]2]2 T —_—
< 3> 2|6[7]3
ocean 1 3 B
elevation of cells - 1 B
i 8-side i
e connectvLy grey = connectivity

Fig-3.8 Showing the difference between a four side connectivity and eight side connectivity
(Source: Sirianni et al., 2013)

The four-sided rule has the potential to underestimate coastal flooding impacts, while the “eight-
sided” rule may have the potential to overestimate those impacts. Thus, going by this logic, the
study chose the “eight-sided” rule simply because for planning purposes overestimation is usually
more acceptable.

A medium resolution 30-meter SRTM DEM was downloaded from the NASA Earth Explorer to
provide the elevation data for the study area to conduct hydrological modelling.
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3.6.2 Creation of Sea Level Rise inundation scenarios

The study has postulated fourteen different plausible sea level rise inundation scenarios
comprising of different coastal hazards, such as the SLR, storm surge, Higher High Water at Spring
(HHWS) and Mean Higher High Water (MHHW) based on the estimates given by the IPCC and
the Marmugao Port Trust (MPT). These water levels represent a range of plausible inundation
scenarios for future sea-level rise and coastal hazards. They serve as a basis for modeling and

assessing the extent of potential inundation.

Table- 3.12 Data Sources for Creating Plausible Sea Level Rise Inundation Scenarios.

Permanent Flooding

AR6 SSP1 1.9 | 0.59m (With 17-83% | Best Case Scenario / | IPCC AR6

(Upper Limit) Confidence) Optimum

AR6 SSP5 8.5 | 1.02m (With 17-83% | Medium Case | IPCC AR6

(Upper Limit) Confidence) Scenario / Medium

AR6 SSP5 8.5 | 1.61lm ( Low | Worst Case Scenario / | IPCC AR6

(Upper Limit) Confidence, .>17%) | Business As Usual

MHHW 0.6m Embedded Marmugao Port Trust
Episodic Flooding

Storm Surge 4.5m Episodic Flood BMTPC, 2019
Higher High Water | Im Episodic Flood Marmugao Port Trust
At Spring (HHWS)

Table-3.13 A Total of 14 Plausible Sea Level Rise inundation scenarios.

Scenarios | S No. | Compounding Factors | Elevation (in m) | Cumulative (in m)
Only SLR |1 SSP-1 + MHHW 0.55+0.6 1.15
2 SSP-5 + MHHW 1.02+0.6 1.62
3 SSP-5 (L) + MHHW 1.61+0.6 2.21
SLR + |4 SSP-1 + HHWS 0.55+1 1.55
Highest 5 SSP-5 + HHWS 1.02+1 2.02
High 6 SSP-5 (L) +tHHWS 1.61+1 2.61
Spring
Tide
SLR +17 SSP-1 + MHHW +SS 0.55+0.6+45 |5.65
Storm 8 SSP-5 + MHHW +SS 1.02+0.6+45 |6.12
Surge 9 SSP-5 (L) + MHHW +SS | 1.61 +0.6 +4.5 | 6.71
10 SSP-1 + HHWS + SS 0.55+1+4.5 6.05

88




SLR + |11 SSP-5 + HHWS + SS 1.02+1+45 6.52
Spring 12 SSP-5 (L) + HHWS +SS | 1.61 +1+4.5 7.11
Tide +
Storm

Surge

Without 13 MHHW + SS 0.6 +4.5 5.1
SLR

14 HHWS + SS 1+4.5 5.5

3.6.3 Inundation Modeling

The study used hydrological modeling techniques, particularly the BTM, to simulate how different
scenarios of inundation (SLR, storm surge, etc.) would affect the study area. For each scenario,
the relevant water level was subtracted from the DEM, and the chosen HC rule was applied. This
process determined which areas would be considered inundated under each scenario. The
inundation modelling was processed in the geo-processing environment of ESRI’s ArcGIS 10.2.

Mean Higher High Water (MHHW) level of the study area was selected as the reference surface
water level. MHHW represents the average higher high tide level, which serves as a starting point
for assessing the potential impact of sea-level rise.

3.6.4 Inundation Mapping

After running the hydrological model for each scenario, the study generated inundation maps.
These maps represent the areas that would be inundated under the water during coastal flooding
under specific conditions. In total, 20 SLR inundation maps were generated (five each for a taluka),
comprising of different clusters of inundation scenarios.

3.6.5 Comparison of Inundation Maps with LULC Maps

The inundation maps were further analyzed by overlaying them on the topographical maps and
side-wise comparison with the LULC maps of the study area. This integration allowed the study
to identify and assess which specific land use and land cover types would be impacted by coastal
inundation under different scenarios. This information is crucial for understanding potential socio-
economic and ecological consequences.

3.6.6 Analysis and Discussion

The study used the combined information from inundation maps, DEM data, HC rules, and LULC
maps to conduct a detailed analysis, more robust than usual bathtub inundation modeling The
resultant maps identify vulnerable areas and ‘future hazard zones’ in the study area, which are
essential for coastal planning and management.
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3.7 Coastal Vulnerability Index

Coastal Vulnerability
variables
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Fig-3.9 Flowchart of the Methodology of Coastal Vulnerability Index.
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This assessment uses a modified version of the CVI methodology first published by the United
States Geological Survey (USGS) (Thieler and Hammer-Klose, 1999, Thieler and Hammer-Klose,
2000b, Thieler and Hammer-Klose, 2000a), which assesses coastal vulnerability on the basis of
six physical and geological variables.

In the current study, a Physical Vulnerability Index (PVI) is computed using 10 variables,
including the six variables from the original USGS index, i.e.: rate of relative sea-level change,
rate of shoreline change (erosion or accretion), mean tidal range, significant wave height, coastal
slope and geomorphology, plus coastal regional elevation and other variables that have not yet
been incorporated in CVI along the coast of India, that is percentage of sandy coast, sand dune
density and vegetation behind the beach, or their use has yet been limited: plausible storm surge
height. These latter thee variables were added because local morphological factors and vegetation
can influence the degree of vulnerability.

The SoVI, for its part, comprises 11 social variables; Village population density, Road density,
Total settlement area under village (%), Water supply through pipeline (%), Literacy rate (%),
Dependent population (%), Female population (%), Population between (0-6 years) %, Tourist
density, Settlement area under 500m HTL and Settlement area under 200m HTL.

Different methods are used to determine the values of the variables to comprising an index. The
USGS methodology (Thieler and Hammer-Klose, 1999, Thieler and Hammer-Klose, 2000b,
Thieler and Hammer-Klose, 2000a) consists of ranking each variable on an ordinal scale from one
to five. Most studies, worldwide, have followed this ranking procedure but without necessarily
using the same range for the ranking of the risk variables as no standards exist to determine what
values should be considered as low, medium, or high when a three-category scale is used, for
instance, nor is it the case when five ranking categories are used. Boruff et al. (2005), following
the USGS methodology, ranked the variables as low, moderate, and high, while Kumar and Kunte
(2012) classified the coastline of Chennai into three vulnerability categories. Likewise, this study
has followed a linear scale from 1-3 to increase vulnerability from low to moderate to high (Table
2). With the help of expert knowledge, all the 21 variables were weighted accordingly (Table 3).
Weightage score of 3 physical variables (rate of relative SLR, mean tidal range, and significant
wave) is taken from Kunte et al. (2014) as changes in those variables along South Goa coastline
are absent. Sand-dune density and Vegetation behind the beach along the study area’s coastline
were ranked qualitatively based on the field observations taken by experts.

Table-3.14 Risk Ratings Assigned to 10 Physical Variables.

S. No. | Physical Variables Low (1) Medium (2) High (3)

1 Coastal Slope (Degree) >0.3 0.1-0.3 <0.1
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2 Coastal Regional Elevation | >50 20-50 <20
M)

3 Sandy Coast (%) <10 10-20 >20

4 Sand Dune Density Rocky Coast, | Moderate Sparse

Low

5 Vegetation Behind The | Dense Moderate Sparse
Beach

6 Rate Of Relative Slr (M) -- 1.29 --

7 Shoreline Erosion Rate (M) | <0.3 0.3-0.5 >0.5

8 Mean Tidal Range (M) -- 0.2-2.4 --

9 Significant Wave Height | -- 0.6-2.0 -
M)

10 Plausible Storm  Surge | -- - 4.5
Height (M)

Table-3.15 Risk Ratings Assigned to 11 Social Variables.

S. No. | Social Variables Low (1) Medium (2) High (3)

1 Village Population | <100 100-200 >200
Density

2 Road Density >100 50-100 <50

3 Total Settlement Area | <15 15-30 >30
Under Village (%)

4 Water Supply Through | >80 40-80 <40
Pipeline (%)

5 Literacy Rate (%) >80 75-80 <75

6 Dependent  Population | <30 30-60 >60
(%)

7 Female Population (%) <30 30-60 >60

8 Population Between (0-6) | <5 5-10 >10
Years

9 Tourist Density <100 100-200 >200
(Person/Sq. Km)

10 Settlements Under 500m | <10 10-20 >20
Htl (%)

11 Settlements Under 200m | - - >5
Htl (%)
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Table-3.16 Physical Variable Weightage Employed to Calculate the Physical Vulnerability Index

in the Study Area.
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Table-3.17 Social Variable Weightage Employed to Calculate the Social Vulnerability Index in

the Study Area.
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The PVI and SoVI were calculated as the squared root of the product of the ranked variables
divided by the number of variables as described in USGS (1999):

PVI:\/al*bl*cl*dl*el*fl*gl*hl*il*jl/lo 1)

where a; = coastal slope, b; = Coastal regional elevation, refer to the geological variables, and
represent the physical process variables. c1= Percentage of sandy coast, d1 = sand dunes density,
el = vegetation density behind the beach, f1 = Rate of relative SLR, gl = Shoreline erosion rate,
h1 = mean tidal range, i1 = significant wave height, j1 = Plausible storm surge height.

SoVI=\/a2*b2*CZ*d2*eZ*fZ*gZ*hZ*iZ*kZ/ll (2)

11 social variables: a2 = Village Population Density, b2 = Road Density, c2 =, Total settlement
area under village (%), d2 = Water supply through Pipeline (%), e2 = Literacy Rate, 2 =
Dependent Population, g2 = Female Population (%), h2 = Population between (0-6) years, i2 =
Tourist density, j2 = Settlements under 500m High Tide Line (HTL) and k2 = Settlements under
200m HTL.
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Then, the sum of the PVI and SoVi is calculated to determine the CVI, i.e.,
CVI=PVI + SoVI 3)

The present study has followed the methodology given by Nigam et al., 2024 which have adopted
the similar scale to classify CVI score as employed by Kunte et al., 2014, who also assessed similar
coastal stretch but at much coarser spatial scale (at taluka level). The objective behind the use of
similar scale for CVI values is to compare current study results (at village level) with Kunte et al.,
2014, to highlight the importance of high spatial resolution CVI compared to low spatial resolution
CVL
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Chapter-4

Multi-Temporal Climate Trend Analysis

4.1 Background

In the current times, climate change has accelerated the weather extremes, which have the highest
attention of climate scientists (Shi et al., 2016). The most pressing issue is concerned towards
weather extremes rather than the mean of weather phenomena because rapid changes in weather
extremes are more significantly Impacting all the regions than the average weather (Choi et al.,
2009), which even has a severe impact on human health and leading to loss of lives (Ebi and
Bowen 2016; Zhang et al., 2017). The weather extremes are the maximum and minimum of any
meteorological phenomena (Vega and Rohli, 2012). Temperature and DTR are the fundamental
parts of the climate system, along with precipitation. Changes in these components normally
negatively impact humans and the environment (McMichael et al., 2005).

Since the end of World war II, worldwide, the frequency of cold extremes has got reduced while
the warm extremes have increased globally (IPCC, 2013). In addition, increasing mean
temperature trends have also been detected regionally and globally during the same period (Jones
and Moberg 2003; Hertig et al. 2010; Simolo et al. 2014; Abbasnia, 2019).

The global mean temperature is an important indicator denoting climate change phenomenon.
However, the DTR provide more in-depth information than the mean because the changes in DTR
could be due to changes in either the maximum or minimum end of temperature or relative change
in both. Between 1906- 2005, the average annual global temperature increased by 0.74 + 0.18 C.
However, major increments have been observed during 1910-1940 (0.35°C) and since 1970 (0.55
°C) (IPCC, 2007). Unsurprisingly, globally, 1998 was recorded as the warmest year during the last
100 years, surpassed by 2009, then 2010, and finally, 2011 as the warmest year since 1850 and the
decade of 1990 was observed as the warmest decade (Venkateshwaralu et al., 2011).

On the other hand, the diurnal temperature range (DTR) has been reducing since the 1950s over
most of the regions around the world except for northern Eurasia, western North America,
Australia and South Asia, where this pattern has been less consistent. However, in the regions
where the DTR has reduced, it is due to lower warming in maximum temperature compared to
minimum temperature (Karl et al., 1993; Zhou et al.). It is a well-known fact that urbanisation is
imperative for transforming underdeveloped countries with socio-economic and ecological
impacts (Bhat et al., 2017; Butsch et al., 2017; Sun et al., 2013). However, due to development,
urban areas experience a rise in surface temperature, degrading air quality, loss of vegetation
cover, urban heat island effect and climate variations (Chen et al., 2011; Estoque & Murayama,
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2013; Gohain et al., 2020; Jenerette & Wu, 2001; Mohammad et al., 2019; Mohammad &
Goswami, 2019; Malik et al., 2020; Tiwari et al., 2018; Yang et al., 2011).

In the case of haphazard development, India and South Asia are at the forefront. Indian economy
is booming, due to which the urban part of the country constitutes 63% of the GDP, projected to
increase to 75% by 2030 (Planning Commission, 2012). Increment in the economy is directly
proportional to development and land use changes from natural to artificial. Hence, it has been
reported that between 1901-2003, the annual Tpe.n increased at a rate of 0.05°C (per decade), while
Tmin showed a weak, statistically insignificant increasing trend. Moreover, between 1971-2003
accelerated warming in Tpean 0.22°C (10 yr.) has been observed (Kothawale and Kumar, 2005).
Even there has been a significant increment in the DTR over India by 0.52° C (100 yr.) for 1901—
2003) (Rai et al., 2012), while the decreasing trend has been observed in depicts decreasing trends
in DTR monthly, seasonal (pre-monsoon and monsoon), and annual time scales in North East India
(Jain et al., 2013). The primary causes of the increment in man temperature and DTR could be
attributed to total cloud cover, precipitation and soil moisture.

Precipitation is an important factor concerning meteorology. It impacts the DTR, but erratic
rainfall is associated with extreme events such as floods and landslides. Hence, understanding
rainfall trends is paramount to formulating effective adaptation policies. In addition, low clouds
have the largest impact on the DTR. Dai and others in 1999 observed a reduction in DTR by 25-
50% over most of the land areas when coupled with precipitation and soil moisture. The amount
of cloud cover is a significant factor because they dampen DTR as temperature decreases during
the day by backscattering incident solar radiation but increasing the downwelling longwave
radiation during both day and night (Vedecchia et al., 1994). Moreover, high soil moisture reduces
the maximum temperature and DTR by increasing evaporation cooling by evapotranspiration.

The trends of record-breaking annual warming between 1946 and 1995 can be explained as
anthropogenic forcing, while the forces behind the warming between 1896 and 1945 are the
combination of anthropogenic, natural and internal variability (Braganza et al., 2004). Hence,
urbanisation and concretization directly impact surface temperature. Even changes in land-use
influence minimum temperature (Urban heat island). The reason is the high energy consumption,
population heat and friction in the cities generate a significant amount of heat stored in the concrete
structures. The stored heat energy in the infrastructure gets released at night and eventually makes
the night warmer (Gadgil and Dhorde, 2005). Studies suggest that DTR can be influenced by
changes in the LULC within a 10 km radius of an observation station. Urbanisation leads to
changes in climatic parameters such as albedo, moisture, thermal inertia and the land-atmosphere
interaction (Feddema et al., 2005).

Rapid haphazard development is directly leading to ever-increasing greenhouse gases and
aerosols. LULC modifications may also impact the DTR trends at a regional level (Liu et al.,
2018a; Sun et al., 2019). Increased aerosol concentration leads to decreasing DTR due to the
cooling effect of aerosols (Huang et al., 2006; Gong et al., 2014; Xue et al., 2019) and aerosol-
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cloud interaction (Wang et al., 2013, 2015; Guo et al., 2019; Li et al., 2019). The impact of changes
in DTR is detrimental as it would influence heat stress, agricultural failures (Lobell, 2007),
droughts, increment in human mortality (Kan et al., 2007) and epidemics such as dengue, malaria
(Liu-Helmersson et al., 2014; Ehelepola and Ariyaratne, 2016). The consequences of these
changes have detrimental impacts on nature and society. These changes in the weather extremes
can also increase hazard vulnerability and cause loss of lives and property, resulting in negative
economic effects.

The need for the study lies in the fact that it is imperative to determine the current meteorological
trends of temperature, DTR, rainfall etc., which are the most important factor leading to climatic
variations. Coastal tracts of South Goa have seen rapid urbanisation and tourism development.
Because of this, many lives and economics are at stake against climate variability.

Therefore, the present study aims to determine the current trends of meteorological variables in
the study area over the last 40 years (1981-2020). Moreover, if any changes have occurred, then
which meteorological and anthropogenic factors have been behind these changes.

4.2 Result
4.2.1 Correlation Coefficients of Rainfall And Mean Temperature
Table- 4.1 Correlation coefficients between the IMD and NASA POWER datasets
during 1981-2020.

Month Correlation Coefficient | Correlation Coefficient
(Rainfall) (Mean Temperature)

January 0.27 0.62

February 0.56 0.73

March 0.93 0.55

April 0.25 0.78

May 0.70 0.42

June 0.28 0.51

July 0.65 0.41

August 0.71 0.70

September 0.83 0.80

October 0.72 0.60

November 0.73 0.49

December 0.71 0.47

Non- 0.54

Monsoon

(Oct-May) 0.59
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Monsoon
(June-Sept)

0.61

0.43

Annual

0.61

0.53

4.2.2 Climatic Variables Trend Analysis

4.2.2.1 Long-Term Trend Analysis (1981-2020)
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Fig-4.1 Plots Divided into Three Seasons (Annual, Non-Monsoon And Monsoon), showing the
Trends Of Different Climatic Variables In South Goa Between 1981-2020.

Table- 4.2 Statistical Results of Annual and Seasonal Trend Analysis of South Goa District
Between 1981-2020.

Hypothesi
s test (1 is Mann-
Variable significant Sen Kendal | Standard | No. of
@  80% | Significanc | Slope Z score |l test| Deviatio | value
level) (h) | elevel (p) (Sen) (Z) (S) n (S.D) s (n)
Annual
Precipitation | 1 0.007108 | 0.04742 2'69175 232 | 85.81764 | 40
Too 1 0.047613 | 0.01359 | 1.98081 | 171 | 85.82346 | 40
Ty 1 0.110398 2'01737 ;'59640 138 | 85.81764 | 40
DTR 0 0.990703 8'00017 0 1 85.82346 | 40
LST 1 6.12E-05 2'01367 ;"00822 345 | 85.82346 | 40
Cloud 1 0.01076 | 011561 1255038 o0 | 7645014 | 37
amount 9 2
Soil Surface 1 0.023985 0.00045 | 2.25736 193 85.05488 | 40
Wetness 5 6
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Non-Monsoon

Precipitation 040811 | Q00480 ) 982722 49 85.82929 | 40
Tom 0.008755 3'01246 §'62148 226 | 85.82929 | 40
Ty 2.73E-05 2'01564 ‘7"19465 361 | 85.82346 | 40
DTR 0441881 | -0.00379 | -0.76902 | 67 85.82346 | 40
LST 0.000291 2'01329 ;62347 312 | 85.82929 | 40
Cloud 0326634 | 008628 | 0.98091 | ¢ 76.45914 | 37
amount 8 6

Soil Surface 0.018589 0.00051 | 2.35366 203 85 82346 | 40
Wetness 4 9

Monsoon

Precipitation 0024535 ] 0.13768 | 224865 | 194 | 85.82929 | 40
Tom 0.000698 2'01787 ?'39045 292 | 85.82029 | 40
T L12E0s | 90077 43044 378 | 8582920 | 40
DTR 0.842992 | -0.00099 | -0.19807 | -18 $5.82929 | 40
LST 0.004468 (1"01294 ?84304 245 | 85.82346 | 40
Cloud 7.408-05 | 023867 | 396290 30496 45014 | 37
amount 9 1

Soil - Surface 0015781 | 200057 |5 41305 | 208 | 85.75158 | 40
Wetness 9

4.2.2.2 Short-Term Trend Analysis (1981-1999)

e Annual
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Fig- 4.2 Plots Divided into Three Seasons (Annual, Non-Monsoon and Monsoon), Showing The
Trends of Different Climatic Variables in South Goa District Between 1981-1999.

Table- 4.3 Statistical Results of South Goa District Annual and Seasonal Trend Analysis
between 1981-1999.

Hypothesis
test (1 is
Variable significant Sen Z Mann- Standard | No. of
@  80% | Significance | slope score | Kendall | Deviation | values
level) (h) | level (p) (sen) (Z) test (S) (S.D) (n)
Annual
Precipitation 0 0.752714 -0.31506 | -10 | 28.56571 | -0.00999 | 19
Trmax 1 0.080243 1.749279 | 51 28.58321 | 0.032941 | 19
Tmin 0 0.972091 0 -1 28.58321 | -0.00067 | 19
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Wetness

DTR 1 0.115184 | 1.575315 |46 | 28.56571 | 0.048122 | 19
LST 0 4.84E-01 | 0.699711 |21 | 28.58321 | 0.007999 | 19
Cloud amount | 0 0 0 0 0 0 0
Soil ~ Surface | , 0.690911 | 0.397619 | 12 | 27.66466 | 0 19
Wetness

Non-Monsoon

Precipitation | 0 0.207857 | 1.259481 |37 | 28.58321 | 0.024167 | 19
Tonax 0 0262911 | 1.119538 |33 | 28.58321 | 0.015885 | 19
Tonin 0 345E-01 | 0945189 |28 | 28.56571 | 0.013958 | 19
DTR 0 0.726447 | 0.349856 | 11 | 28.58321 | 0.003125 | 19
LST 0 0.575637 | 0.559769 | 17 | 28.58321 | 0.009999 | 19
Cloud amount | 0 0 0 0 0 0 0
Soil ~ Surface | , 0.674612 | 0.419827 | 13 | 28.58321 | 0.000227 | 19
Wetness

Monsoon

Precipitation | 0 0.293917 | -1.04957 |-31 | 28.58321 | -0.12508 | 19
Tonax 0 0.726447 | 0.349856 | 11 | 28.58321 | 0.006145 | 19
Tonin 1 1.24E-01 1.539365 | 45 | 28.58321 | 0.018202 | 19
DTR 0 0.726447 | -0.34986 | -11 | 28.58321 | -0.00713 | 19
LST 0 0277826 | 1.085217 |32 | 28.56571 | 0.014996 | 19
Cloud amount | 0 0.00E+00 0 0 0 0 0
Soil  Surface | 0.944148 | -0.07006 |-3 | 28.5482 [-0.00011 |19

4.2.2.3 Short-Term Trend Analysis (2000-2020)

e Annual
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Fig- 4.3 Plot divided into three seasons (annual, non-monsoon and monsoon), showing the trends
of different climatic variables in South Goa district between 2000-2020.

Table-4.4 Statistical results of South Goa district annual and seasonal trend analyses between

2000-2020.

Hypothesis

test (1 1is
Variable significant | Significan Z Mann- Standard | No. of

@ 80% | ce level | Sen slope | score | Kendall | Deviatio | values

level) (h) (p) (sen) (2) test (S) n (std) (n)
Annual
Precipitation | 1 0.004514 | 2.839806 | 95 33.10086 | 0.177526 | 21
Tmax 1 0.043053 | 2.023194 | 68 33.11596 | 3.52E-02 |21
Tnin 0 0.739535 | 0.332469 12 33.08575 | 8.44E-03 | 21
DTR 1 0.065473 | 1.842012 | 62 33.11596 | 0.038214 | 21
LST 1 5.71E-02 | 1.902406 | 64 33.11596 | 1.71E-02 | 21
Cloud 0 0.97591 | -0.0302 2 33.11506 | OME g
amount 03
Soil Surface

1 0.072427 | 1.796422 | 60 32.84306 | 1.45E-03 | 21
Wetness
Non-Monsoon

e -1.04E-

Precipitation | 0 0.607708 | -0.51335 -18 33.11596 0 21
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Tmax 0 0.694644 | 0.39256 14 33.11596 | 5.79E-03 | 21
Timin 0 3.81E-01 | 0.875711 30 33.11596 | 1.08E-02 | 21
DTR 0 0.879988 | 0.150985 6 33.11596 | 3.72E-03 | 21
LST 1 0.17419 1.358861 46 33.11596 | 1.54E-02 | 21
Cloud 0 0.694644 | -0.39256 -14 33.11596 | -0.0368 21
amount
Soil Surface

1 0.057118 | 1.902406 64 33.11596 | 1.68E-03 | 21
Wetness
Monsoon
Precipitation | 1 0.002289 | 3.049889 102 33.11596 | 0.571119 | 21
T max 1 0.020063 | 2.325163 78 33.11596 | 3.22E-02 | 21
Tmin 1 9.67E-02 | 1.660831 56 33.11596 | 2.10E-02 | 21
DTR 1 0.12355 1.540043 52 33.11596 | 1.79E-02 | 21
LST 1 0.109502 | 1.600437 54 33.11596 | 2.28E-02 | 21
Cloud 1 748E-02 | 1.781618 60 33.11596 | 0.225529 | 21
amount
Soil Surface

1 0.0234 2.266837 76 33.08575 | 1.77E-03 | 21

Wetness

4.2.3 Correlation Matrix of Seven Climatic Variables
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Matrix Plot of Climate Variable of South Goa (1981-2020)
( ¢ Annual A Monsoon @ Non-Monsoon)
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4.3 Result interpretation
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Climate trends
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Fig-4.4 Matrix plot showing the climatic variables of South Goa between 1981-2020 during

The correlation coefficient between IMD and NASA POWER’s rainfall and temperature datasets
was calculated for 40 years (1981-2020) for three periods (annual, non-monsoon and monsoon)
(Table-4.1). It validates the efficacy of the NASA POWER gridded datasets available for the study
area against sparsely available IMD dataset, which is the most preferred choice due to its network
and reliability. The direction of relationship between the two is positive. The annual period has
shown a moderately positive relationship (0.61) and (0.53) for rainfall and temperature variables
respectively. While it more or less similar when the year is divided based on seasons with non-
monsoon (0.54 & 0.59) and monsoon periods (0.61 & 0.43). However, during the second half of
the year monsoon to post monsoon (July-Dec), when the rainfall effect is predominant in the region
the relationship is ‘fairly strong positive’ but on the contrary, for the temperature variable, first
half of the year (drier months) have relatively shown strong positive relationship between the IMD
and NASA POWER datasets.




In the study area, between 1981-2020, during annual period, the trend is fairly positive for all the
climatic variable except for DTR for which no trend was found (Fig.-4.1 & Table-4.2). The Z-
score was found to be highest for the LST (4.008) while it was only (1.59) for Tyin, Wwhich shows
the true characteristics of LST and T, in a coastal area. While during non-monsoon months, all
the variables have been found to have positive (increasing) trend except rainfall, DTR and cloud
amount. The highlights were temperature (min and max), both have shown gradually uniform
upward trends with a rate of (sen = 0.012 and 0.015) per year respectively. Monsoon months show
positive upward trends in all the variables except the DTR which showed no trend. Cloud amount
has shown most significant increment (S = 304) with the rate of (Sen = 0.238) percent per year
with highest fluctuation (z score = 3.96) amongst all the variables. Consequently, rainfall has
increased (S= 194, Sen=0.137) and the temperature (min and max) with the fastest rate (sen =
0.019 and 0.017) per year, amongst all the periods.

Annual climatic variable values during 1981-1999 in the study area (Fig.-4.2 & Table-4.3) were
found to be very different from the long term analysis (1981-2020). Except Tmax and DTR, no
other variable showed any trend. Tpax showed an upward trend (sen = 1.749, S = 51), which also
resulted in sharp increment in DTR (sen = 1.575 and S = 46). Non-monsoon phase showed no
trends in any of the variables. As well as, except for Tmin, no other variable showed any upward or
downward trend. Ty, observed significant upward movement (sen = 1.54 and S = 45) during the
phase.

Annual trend analysis of the last two decades (2000-2020) in the study area (Fig.-4.3 & Table-4.4)
showed positive trend in all the variables except Tmin and cloud amount which showed no trend.
Rainfall has shown a significant upward trend with a magnitude of (sen = 2.84 and Z = 95) due to
which soil wetness has also shown a positive trend (sen =1.8 and Z = 60). Similarly, Ty, has also
showed a significant upward trend (sen = 2.02 and Z =68) so as DTR (sen = 1.842 and Z = 62)
and LST (sen = 1.90 and Z =64). Climatic variables during non-monsoon phase were statistically
insignificant and showed no trends except LST (sen =1.35 and Z= 46) and Soil wetness (sen =
1.903 and Z = 64). The highest positive trends across all the periods and seasons is found in this
monsoon phase. Rainfall showed significantly upward trend having magnitude (sen = 3.05) and
(Z=102) so as cloud amount (sen = 1.781 and Z= 60) and soil wetness (sen = 2.266 and Z= 76).
Temperature (maximum and minimum) has also been found moving significantly upward
(sen=2.32 and Z=78) and (sen= 1.660 and Z= 56) respectively. Consequently, upward movement
in DTR magnitude (sen =1.54) and (Z=52) as well as LST (sen=1.6 and Z=54).
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Chapter-5

Multi-Temporal Land Use Land Cover Assessment

5.1 Background

Pressure from a growing population and climate change results in changes in land use and land
cover (LULC), which have the greatest negative effects on the environment through the vegetation
cover, landform degradation, biodiversity loss, shoreline modification, seawater intrusion,
groundwater pollution, and the deterioration of soils and air in coastal regions (Chandrasekar et
al., 2001; Chauhan and Nayak, 2005; INCOIS, 2009; Kaliraj et al., 2014).

Around 43% of the earth's surface has been degraded by human activity (Daily, 1995), nearly 24%
of'it has seen a decline in ecosystem function and productivity over the past two decades (Kalensky
et al., 2003). Also the demand is rising faster than the planet can sustainably meet it, which is
leading to more serious long-term sustainability problems along the world's coasts (Xiuwan,
2002).

According to UNDP (2007), the population of coastal areas has doubled over the last 40 years and
is expected to do so again in the subsequent 40 years. Due to the spread of settlements and
infrastructure, rapid population growth has accelerated the rate of land transformation on the
natural LULC features (Mujabar and Chandrasekar, 2012).

Changes in LULC as a result of numerous physical, climatic, and socioeconomic causes have a
direct impact on the socioeconomic position of local inhabitants along the coastal zone in space
and time. Rapid population expansion, urbanization, and tourism development activities are
modifying the existing state of land use and land cover features (Clark, 1982; Chilar, 2000; Yuan
et al., 2005; Joshi et al., 2011; Rawat et al., 2013; Prasad et al., 2023 (a); Shivkrishna et al., 2021),
since coastal tourism represents the interaction of human elements and ecological systems, often
generate several ramifications. It degrades coastal ecosystems and reduces coastal and marine
biodiversity and productivity in most of the world's coastal locations (Naik, 2018).

The LULC changes in the coastal area have altered beachside landforms, sand dunes, agriculture,
and vegetative cover due to the growth of towns and other infrastructures over the last decade.
Natural processes such as waves, storm surge, cyclones, erosion and subsidence, and so on are
also gradually changing the land use and land cover along the coast (Short and Trembanis, 2004;
Zhang, 2011; Kaliraj and Chandrasekar, 2012; Mujabar and Chandrasekar, 2013) and eventually
making them vulnerable to coastal hazards (Prasad et al., 2023 (b)).
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The population growth rate along the Indian coastal tracts has increased from 11.42% in 1991 to
14.20% in 2014. It has a direct negative influence on land resources and generates rapid change of
land cover into built-up areas, communities, and other recreational activities (Bhatta et al., 2010).

Due to the rapid growth on coastal habitats, problems cannot be put off or avoided. In context of
this, it's critical to comprehend the LULC modification and how it will affect the coast. The review
of the literature looks at a few studies (Brilliant et al., 2013, Yaw et al., 2014, Akshitha et al., 2015,
and Kaliraj et al., 2017) that were largely conducted to evaluate the change in LULC and its effects
on the environment and tourism in coastal zones.

In order to manage coastal zones sustainably, satellite images that provide a synoptic coverage of
the earth's surface on both a spatial and temporal scale are used in the LULC change analysis. This
enables us to comprehend how changes have occurred in different areas of the environment,
including coastal areas (Misra et al., 2013). Consequently, under extreme population pressure, in
order to enable proper coastal resource management planning at the national or regional level (Wu
et al., 2002; Zoran, 2006; Zhang and Zhu, 2011) it has become imperative.

Large-scale changes in the geo-ecological setup and land use patterns have been caused by the
introduction of tourism, increased mining operations, and population growth along with natural
and anthropogenic changes brought on by contemporary societal demands. These changes have a
direct impact on the human environment (Kotha, 2013).

South Goa's coastal tracts have seen notable changes in LULC features in recent decades as a result
of the effects of marine and terrestrial forces, as well as human activity (Chandrasekar et al., 2013).
There is an urgent need to protect coastal ecosystems and habitats, communities, historic towns,
the environment, agriculture, and other resources for future generations.

The current study provides the basic information needed to comprehend trends in LULC change
and transformation in the study area.

5.2 Result
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(a) Quepem
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(a) Canacona
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Fig-5.1 Decadal LULC change maps of Marmugao (a), Salcete (b), Quepem (c) and Canacona
(d) for the year 1990, 2000, 2011 and 2020.

Table-5.1 Statistics of the LULC changes occurred in Marmugao, Salcete, Quepem and
Canacona during the year 1990, 2000, 2011 and 2020. Changes in total area (sq. km), amount of
change (% compared to total LULC changes during each year and percentage difference between

the current and preceding year have been shown here.

1990 2000 2011 2020

% % % diff

Sq.km | % ‘%diff Sq.km | % % diff | Sq.km % diff | Sq. km

(a) Marmugao

Agriculture 16.54 16 NA 11.12 12.23 | -23.56 | 18.37 | 20.29 | 65.9 26.35 29.04 | 43.12

Barren Land | 29.34 32.28 | NA 30.44 3349 | 3.74 12.48 13.79 | -58.8 11.11 12.24 | -11.24

Built Up 12.17 13.39 | NA 16.02 17.62 | 31.74 | 2522 | 2786 | 58.11 | 2949 | 32.51 | 16.69

Vegetation 23.76 | 26.14 | ONA | 2399 | 2639 | 0.95 15.42 17.03 | -35.46 | 16.25 1791 | 5.16

Water Bodies | 4.16 4.57 | NA 2.39 2.62 -42.66 | 4.17 4.6 75.57 1.61 1.77 -65.12

Wetland 4.90 539 | NA 6.92 7.61 41.18 | 14.84 1639 | 11537 | 5.89 6.49 -60.40

(b) Salcete
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114.0 | 37.1 32.0 27.8 29.9
Agriculture 5 6 NA | 98.24 1 -13.85 | 8544 | 6 -12.96 1 91.84 | 3 7.43
18.4 22.2 17.8 18.4
Barren Land | 56.65 6 NA | 68.19 |2 20.36 | 54.68 | 3 -19.75 | 56.50 1 3.25
14.5 17.8 24.2
Built Up 36.24 11.8 NA | 4470 | 6 23.38 | 54.83 8 22.8 7444 | 6 35.68
25.0 253 23.6 20.9
Vegetation 7687 |5 NA | 77.85 7 0.16 72.65 |9 -6.62 64.31 6 -10.34
Water Bodies | 5.78 1.88 NA | 5.88 1.91 1.59 8.44 2.75 43.97 | 5.38 1.75 -36.36
Wetland 17.26 | 5.62 NA | 1197 |39 -30.60 | 30.59 | 9.97 155.64 | 14.32 | 4.66 -53.25
(c) Quepem
12.5
Agriculture 43.77 13.5 NA | 4245 13.1 296 14076 |5 -4.19 43.88 13.5 7.56
17.9 19.9 19.2
Barren Land | 58.05 1 NA | 64.66 |5 11.39 | 6529 | 20.1 0.75 62.57 | 5 -4.22
Built Up 1039 | 3.2 NA | 11.63 3.58 11.87 | 1294 | 3.98 11.17 1579 | 4.85 21.85
207.4 | 64.0 202.2 | 62.4 200.5 61.7 198.6 | 61.1
Vegetation 6 2 NA | 4 1 -2.51 9 6 -1.04 8 4 -1.03
Water Bodies | 2.13 0.65 NA | 1.90 0.58 | -12.06 | 2.78 0.85 46.55 1.04 0.32 -62.35
Wetland 2.24 0.69 NA | 1.16 0.35 -49.27 | 2.41 0.74 11142 | 2.97 0.91 2297
(d) Canacona
12.6 12.5 14.1
Agriculture 49.52 | 8 NA | 49.11 8 -0.78 | 28.64 | 7.32 -41.81 | 55.06 1 92.75
10.4 16.7
Barren Land | 37.17 | 9.52 NA | 4095 |9 10.17 | 65.60 | 8 59.96 | 38.24 | 9.8 -41.59
Built Up 9.55 2.44 NA | 10.78 | 2.76 13.11 | 12.17 | 3.11 12.68 13.50 | 345 10.93
290.2 | 743 285.6 | 73.1 278.6 | 71.2 2779 | 71.2
Vegetation 0 6 NA | 4 9 -1.57 | 6 9 -3.41 0 2 -0.09
Water Bodies | 2.46 0.63 NA | 1.97 0.5 -20.63 | 3.16 0.8 60 0.80 0.2 -80
Wetland 1.36 0.34 NA | 1.81 0.46 35.29 | 2.62 0.67 45.65 | 4.70 1.2 79.1

Table-5.2 Accuracy assessment of the multi-temporal LULC changes occurred in the study

area during the year 1990, 2000, 2011 and 2020. Showing Producer’s accuracy, User’s

accuracy and Kappa coefficient.

1990
Water

Agricultura | Barren Built | Veget | Bodie | Wetlan U. Kapp
Class 1 Land up ation |s d Total | Accuracy | a
Agricultur
al 16 0 0 0 0 3 19 0.842 0
Barren
Land 14 0 1 1 1 17 0.824
Built up 1 0 10 0.8
Vegetation 1 0 50 0 53 0.943
Water
Bodies 0 1 10 0.9
Wetland 1 0 0 10 0.9
Total 16 17 52 11 15 119 0
P.
Accuracy 1 0.824 1 0.9 0.8 0.909 0 0.891 0




Kappa 0 o o o o o o 0.850
2000
Water
Agricultu | Barren | Built | Vegetatio | Bodie | Wetlan U. Kapp
Class ral Land up n s d Total | Accuracy | a
Agricultural | 14 2 0 0 0 0 16 0.875 0
Barren Land 18 0 0 2 0 20 0.9 0
Built up 8 1 1 0 10 0.8 0
Vegetation 0 50 1 2 54 0.926 0
Water
Bodies 0 10 0 10 1 0
Wetland 0 0 8 10 0.8 0
Total 14 22 8 51 14 11 120 0 0
P. Accuracy 0.727 1 0.875 0.943 0.818 0 0.9 0
Kappa 0 0 0 0 0 0 0 0 0.864
2011
Water
Agricultu | Barren | Built | Vegetatio | Bodie | Wetlan U. Kapp
Class ral Land up n s d Total | Accuracy | a
Agricultural | 10 1 1 0 0 0 12 0.833 0
Barren Land 18 0 3 0 0 21 0.857 0
Built up 8 1 0 0 10 0.8 0
Vegetation 2 0 46 0 1 51 0.902 0
Water
Bodies 0 0 10 0 10 1 0
Wetland 0 1 1 8 10 0.8 0
Total 12 22 9 51 11 9 114 0 0
P. Accuracy | 0.833 0.818 0.889 | 0.902 0.909 0.889 0 0.877 0
Kappa 0 0 0 0 0 0 0 0 0.832
2020
Water
Agricultu | Barren | Built | Vegetatio | Bodie | Wetlan U. Kapp
Class ral Land up n s d Total | Accuracy | a
Agricultural | 21 1 0 2 0 0 24 0.875 0
Barren Land | 1 8 1 0 0 0 10 0.8 0
Built up 1 0 10 1 0 0 12 0.833 0
Vegetation 1 0 1 51 1 0 54 0.944 0
Water
Bodies 0 0 10 0 10 1 0
Wetland 1 0 10 0.9
Total 24 13 54 11 120 0




0.76
P. Accuracy | 0.875 0.889 9 0.944 0.909 |1 0 0.908 0
Kappa 0 0 0 0 0 0 0 0 0.874
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Fig-5.2 Bar graphs showing land-use wise decadal changes (in %) in each of the taluka(s) during
the year 1990, 2000, 2011 and 2020.

Table-5.3 Amount of each land-use class (in sq. km) located at different Slope and Aspect
categories for the year 2000 and 2020 in the study area.

Marmugao (2000)

Slope

Built-
Up

Barren
land

Agriculture

Vegetation | Water body | Wetland
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0-1 5.338 3.506 2.886 2.290 1.295 2.839
1-5 5.040 10.042 | 19.141 8.816 0.649 2.114
5-10 0.404 1.702 5.751 6.429 0.135 0.315
10-20 0.254 0.640 2.228 5412 0.084 0.360
20-40 0.003 0.002 0.030 0.038 0.001 0.013
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.229 0.183 0.278 0.117 0.419 0.455
North 0.976 1.739 3.895 3.156 0.203 0.789
Northeast | 1.680 1.773 3.401 3.735 0.351 0.846
East 1.538 1.718 3.362 2.419 0.214 0.545
Southeast | 1.188 1.445 2.630 1.809 0.089 0.388
South 1.453 2.079 4.065 2.854 0.059 0.426
Southwest | 1.487 2.491 4171 3.137 0.254 0.614
West 1.418 2.174 4.139 2.847 0.339 0.707
Northwest | 1.052 2.293 4.093 2.923 0.197 0.700
Salcete (2000)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 28.626 13.748 | 13.008 23.273 4.285 8.143
1-5 44.239 26.724 | 38.195 39.921 1.542 3.614
5-10 3.078 2.967 10.968 14.266 0.031 0.132
10-20 2.181 1.227 5.773 17.764 0.001 0.023
20-40 0.067 0.013 0.047 2.309 0.000 0.000
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 1.222 0.690 0.621 0.978 1.059 1.616
North 7.418 4918 7.533 11.757 0.398 1.024
Northeast | 9.680 4.697 8.244 13.584 0.872 1.738
East 11.347 4.229 7.436 12.745 0.619 1.240
Southeast | 9.874 4.479 6.997 9.615 0.381 1.104
South 9.997 6.103 8.675 9.196 0.411 1.087
Southwest | 10.592 6.568 10.388 14.113 0.962 1.467
West 9.662 6.526 9.003 13.812 0.800 1.386
Northwest | 8.380 6.471 9.072 11.743 0.342 1.266
Quepem (2000)
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Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 3.574 1.229 4.435 9.958 1.113 0.270
1-5 25.362 8.563 40.757 56.887 0.450 0.667
5-10 7.233 1.499 14.765 49.279 0.155 0.133
10-20 2.074 0.300 4.293 70.661 0.103 0.040
20-40 0.165 0.010 0.150 18.751 0.000 0.034
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.312 0.097 0.438 1.080 0.927 0.023
North 5.317 1.528 10.266 40.979 0.131 0.133
Northeast | 4.915 1.322 8.229 32.420 0.228 0.187
East 4.309 1.164 6.711 20.586 0.148 0.164
Southeast | 4.624 1.288 5.825 17.559 0.059 0.088
South 4.827 1.265 5.795 21.182 0.043 0.117
Southwest | 4.534 1.381 7.160 19.764 0.087 0.160
West 4.225 1.663 9.369 21.440 0.096 0.118
Northwest | 5.334 1.885 10.636 30.526 0.085 0.158
Canacona (2000)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 3.733 1.006 3.339 3.980 0.176 0.413
1-5 28.636 5.998 32.937 75.373 0.378 0.811
5-10 11.501 1.856 15.183 78.202 0.362 0.214
10-20 4.426 0.592 3.790 82.059 0.488 0.137
20-40 0.693 0.239 0.510 31.180 0.180 0.174
>40 0.002 0.018 0.012 0.159 0.008 0.016

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.233 0.054 0.340 0.710 0.079 0.093
North 3.604 0.917 7.378 29.803 0.119 0.241
Northeast | 4.013 0.774 5.101 28.998 0.111 0.170
East 4.793 0.791 3.840 24.727 0.028 0.096
Southeast | 7.291 1.105 5.518 31.862 0.091 0.141
South 10.484 1.767 7.889 45.242 0.165 0.129
Southwest | 9.046 1.859 9.979 47.429 0.374 0.228
West 5.394 1.449 8.606 32.363 0.288 0.319
Northwest | 4.097 0.975 7.114 29.863 0.257 0.339
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Marmugao (2020)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 6.002 5.583 0.991 2.820 1.022 1.723
1-5 11.605 18.877 | 7.583 5.546 0.362 1.802
5-10 5.340 3.287 1.986 3.567 0.033 0.525
10-20 2.764 1.302 0.477 3.769 0.063 0.601
20-40 0.021 0.029 0.000 0.016 0.002 0.017
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.303 0.354 0.104 0.214 0.402 0.298
North 2.921 3.302 1.457 2.117 0.089 0.870
Northeast | 4.183 3.056 1.223 2.275 0.198 0.853
East 3.129 3.074 1.123 1.900 0.166 0.405
Southeast | 2.652 2.336 0.984 1.268 0.057 0.249
South 3.436 3.971 1.303 1.971 0.023 0.224
Southwest | 3.713 4.504 1.345 2.024 0.180 0.377
West 2.874 4.227 1.782 1.905 0.270 0.559
Northwest | 2.551 4.205 1.712 2.075 0.079 0.640
Salcete (2020)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 36.787 23.531 |5.631 12.048 3.924 9.149
1-5 65.616 44,561 | 17.701 20.294 1.415 4.637
5-10 9.079 4.201 5.204 12.637 0.025 0.293
10-20 6.018 1.803 1.923 17.076 0.006 0.144
20-40 0.213 0.026 0.015 2.167 0.000 0.016
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 1.574 1.104 0.234 0.575 0.976 1.726
North 11.820 7.645 3.211 8.748 0.396 1.225
Northeast | 15.190 7.903 3.413 9.307 0.848 2.150
East 15.978 7.689 3.305 8.441 0.579 1.624
Southeast | 13.542 7.920 3.311 6.109 0.348 1.223
South 13.595 10.221 | 3.890 6.223 0.350 1.188
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Southwest | 16.571 11.124 | 4.723 9.085 0.778 1.805
West 15.697 10.879 | 3.984 8.213 0.708 1.699
Northwest | 13.773 9.592 4.401 7.506 0.375 1.626
Quepem (2020)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 8.547 1.911 2.215 6.534 0.892 0.477
1-5 43.182 10.804 | 13.227 63.831 0.073 1.540
5-10 10.982 1.634 3.369 56.567 0.026 0.467
10-20 2.809 0.336 0.648 73.382 0.001 0.291
20-40 0.157 0.072 0.008 18.723 0.000 0.148
>40 0.000 0.000 0.000 0.000 0.000 0.000

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.669 0.138 0.136 0.968 0.821 0.139
North 8.808 1.908 3.168 44.071 0.017 0.373
Northeast | 8.050 1.613 2.269 34.829 0.053 0.480
East 6.840 1.472 1.676 22.631 0.052 0.406
Southeast | 7.819 1.633 1.746 18.003 0.006 0.229
South 7.987 1.697 1.548 21.784 0.010 0.199
Southwest | 7.139 1.887 2.103 21.665 0.022 0.265
West 8.259 2.027 3.162 23.134 0.020 0.307
Northwest | 10.087 2.364 3.692 31.959 0.006 0.507
Canacona (2020)

Built- Barren
Slope Agriculture | Up land Vegetation | Water body | Wetland
0-1 4.132 1.486 1.564 4.810 0.269 0.380
1-5 32.743 7.990 13.154 88.371 0.234 1.630
5-10 13.391 2.335 3.155 87.390 0.082 0.955
10-20 3.810 0911 0.283 85.623 0.116 0.752
20-40 0.823 0.522 0.046 30.919 0.015 0.659
>40 0.013 0.024 0.002 0.136 0.000 0.035

Built- Barren
Aspect Agriculture | Up land Vegetation | Water body | Wetland
Plain 0.262 0.107 0.159 0.794 0.134 0.052
North 5.141 1.133 2.678 32.524 0.048 0.535
Northeast | 4.585 0.970 1.467 31.655 0.078 0.404
East 4.931 1.002 0.825 27.289 0.062 0.164
Southeast | 7.545 1.640 1.372 35.136 0.075 0.234
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South 10.380 2.543 1.926 50.454 0.075 0.296
Southwest | 9.837 2.600 3.461 52.183 0.102 0.734
West 6.827 1.926 3.508 35.086 0.053 1.020
Northwest | 5.389 1.268 2.808 32.211 0.073 0.893

5.3 Result Interpretation

Fourteen villages constituting the Mormugao taluka are Arossim, Cansaulim, Chicalim, Chicolna,
Cortalim, Cuelim, Dabolim, Issorcim, Pale, Quelossim, Sancoale, Sdo Jacinto and Sao Jorge
Islands, and Velsao. Settlement areas dominate most regions in Chicolna, Sancoale, Dabolim, and
Vasco-da-Gama. (Fig. 5.1(a) & Table 5.1) provide an overview of the computations. Overall, the
taluka had the highest percentage of barren land at 32% and 33.5% during 1990 and 2000, reduced
by 58.8% and 11.2% during 2011 and 2020, which was used to meet the increasing demand for
settlement and commercial ventures. Build-up areas increased consistently from 13.4% in 1990 to
32.5% in 2020 due to demand for housing brought about by growth in Mormugao Port Trust,
Dabolim airport, Vasco-da-Gama railway station, naval residential quarters in and around
Dabolim, Verna industrial estate, and other business ventures. An increase in settlement areas
happened from 2011 onwards, mainly in Dabolim, Mormugao, and coastal belts due to increased
population and tourism activities. Agriculture activities, mostly carried out in Cansaulim,
Cortalim, Pale, Quelossim, and Velsao, have increased from 16% in 1990 to 29%, with a drop of
-23.56 in 2000. Vegetation which was nearly 23% between 1990 and 2000, dropped to about 17%
from 2011 onwards, which could be attributed to its cut-down to make way for a four-lane highway
linking the port at Mormugao to Verna and also sacrificed for settlement areas. Water bodies
occupy the least area, which includes lakes. Areas of water bodies which were 4.57% in 1990,
dropped to 1.77% in 2020, possibly to filling up with debris to change land use by selfish elements.
Wetland areas, mostly in Sancoale and Cortalim, have increased from 5.39% in 1990 to 16.4% in
2011, with a drastic fall of 60.4% in 2020 which can be attributed to encroachment for selfish
motives.

In Salcete taluka, agriculture is a widely practiced occupation, with rice and vegetables grown in
the monsoon and winter seasons, respectively. With the highest percentage of area under
cultivation in 1990 at 37.16%, it gradually fell to 29.9% in 2020. The vegetation area percentage
dropped from 25% in 1990 to 29.9% in 2020. On the other hand, buildup areas almost doubled
from 11.8% in 1990 to 24.2% in 2020, which is reflected in-and-around Margao city, which is the
commercial capital of Goa and also along the coastal belt due to increased tourism activities from
Majorda to Betul (Fig. 5.1(b) & Table-5.1). The percentage area of water bodies rose from 1.88%
in 1990 to 2.75% in 2011 but was reduced in 2020 by 36.3%. Salcete has the highest wetland area
among the four talukas considered in this work, which decreased from 17.26 sq. km. in 1990 to
11.97 sq. km in 2000; it increased to 30.59 sq. m and finally dropped by 53.2% in 2020. These
changes are related to population pressure on the natural resources.
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Quepem taluka is a hilly terrain with more than 60% forest area covering 207.4 sq. km. Over the
40 years, the vegetation has decreased by about 1%. Agriculture is practiced in over 13.5% of the
area, which has increased by 7.56% in 2020. The percentage of barren land increased marginally,
possibly due to deforestation cause by landslides during monsoon. The built-up area percentage
has increased gradually due to the double tracking of the railway line and other commercial
activities. The percentage of water bodies’ area changed largely between 2011 and 2020, while
the wetland area percentage dropped during this period (Fig.-5.1 (¢) & Table-5.1).

In Canacona taluka, the percentage of agriculture area dropped by 41.8% during 2011, which
doubled in size to 55.06 sq. km. in 2020. The barren land percentage showed a marginal increase
from 1990 to 2011, which dropped by 41.59% in 2020. This drop is attributed to using some of
the barren areas for agriculture. The buildup area percentage gradually increased from 2.44% in
1990 to 3.45% in 2020, particularly in the residential areas of Poingunim, Agonda, and Bali, in
the coastal belt from Agonda to Galgibag and also due to the widening of the highway. Among all
the talukas considered in this study, Canacona taluka had the highest vegetation cover of 290.2 sq.
km. in 1990, dropping to 277.9% in 2020, which could be attributed to anthropogenic activities.
The percentage of the area of water bodies also decreased from 0.63% in 1990 to 0.2% in 2020.
The percentage of wetland areas increased four folds from 0.34% in 1990 to 1.2% in 2020 (Fig.-
5.1 (d) & Table-5.1).
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Chapter-6

Multi-Temporal Anthropogeomorphic Impact Assessment

6.1 Background: A Subject of Paramount Importance

In contemporary times, human activities as a catalyst for geomorphic changes are comparable to
other natural geomorphic processes. While it falls behind endogenetic forces in terms of energy
released, its dominance over exogenetic forces is undeniable (Lozy, 2010). Human civilization has
witnessed substantial growth in tandem with technological advancements. Over the past 10,000
years, a significant portion of the global surface has undergone transformation from natural to
manmade ecosystems, termed "Metahemerobic" (Bastian and Schreiber 1994), albeit at a modest
rate until the 19th century. Technological advancements equipped humans with diverse tools for
modifying the Earth, but it was the 19th-century industrial revolution that dramatically enhanced
human capabilities (Lucas 2003), transforming them into highly active geomorphic agents
(McCloskey 2003). Land surface transformation from "Ahemerobic" to "Metahemerobic" through
anthropogenic measures occurs both indirectly (e.g., road construction leading to gully erosion on
the sides) and directly (e.g., landfills, open-cast mining pits, etc.) (Rosza, 2020).

Whether through indirect or direct anthropogenic land transformation strategies, approximately
75% of ice-free areas and 66% of maritime regions have already undergone modification (WWF,
2020). Before the turn of the millennium, 2 million km?2 of land had already been developed. Out
of this, 15 million km? was converted into plantations and arable land, while 35 million km* was
transformed into pasture areas (Loh & Wackernagel, 2004). Additionally, human activities have
exploited 38 million km? of forest (Rozsa, 2007). The considerable scale of anthropo-geomorphic
processes is evident through extensive land modification (AGP). Furthermore, the intense nature
of AGP not only affects geomorphic assets but also heightens geohazard vulnerability (Pikelj and
Juracic, 2013), disrupting the dynamic balance between landforms and processes. The origins of
this transition can be traced back to the industrial revolution, human population growth, and rapid
technological advancements aimed at meeting the world's ever-increasing economic needs (Weber
and Sciubba, 2019).

Hooke (1994 & 2000), and Haff (2003) estimated that the amount of earth moved annually was
about 111 billion/t/yr when all natural processes were considered, compared to 129 billion/t/yr by
anthropic induced activities. This indicates that humans have unquestionably become the most
powerful agent of geomorphic modifications even more than natural processes. Unprecedented
growth in AGP stature has allowed it to carve out its own area of study in science. Anthropo-
geomorphology, which is defined as "an applied science which studies the human role in creating
geomorphologic landforms and modifying the geomorphological processes such as erosion,
transportation, and deposition," covers the anthropogenic modifications of geomorphic landforms
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and processes (Szabo, 2010). This field evolved during the 1960s, when there was a paradigm
change toward a quantitative approach and a focus on researching geomorphologic processes
(Rosza, 2007).

In this context, the imperative to assess the impact of Anthropogenic Geomorphic Processes
(AGP) is more crucial than ever, given the relentless advancement of technology and the
burgeoning global population that continuously exerts pressure on extensive land resources and
energy consumption. This undeniable trend has significantly altered natural geomorphology over
the past century and is poised to persist in the near future.

While substantial research has been conducted in the field of anthropogeomorphology since the
1960s, pioneering efforts can be traced back to Marsh in 1864 (Rozsa, 2007). According to Rozsa
(2007), Nir's 'Index of Potential Anthropogenic Geomorphology,' published in 1983, stands as a
highly acclaimed model for quantifying human impact on geomorphology due to its simplicity and
widespread availability of data. However, certain notions within Nir's index are subject to debate,
such as the generalization of topographic and climatic factors for a larger area, assigning equal
weightage to climate and terrain, and focusing solely on urban population (Rozsa, 2007). The
model faces criticism for its inadequacy in quantifying AGP at the micro-level due to generalized
parameters (Nigam et al., 2023). These parameters, being dynamic, undergo changes at different
spatio-temporal scales, contributing to the ongoing debate in the field.

Numerous studies have tried to ranked or grade the geomorphic landforms according to the AGP
impact modifications (Lausch and Herzog, 2002) along with their hazardous nature (Borgatti and
Soldati, 2005). While some have come up with the quantification of anthropic impact upon
geomorphic landforms in a comprehensive manner (Verstraeten et al. 2009; Vanwalleghem et al.
2017), most of others have covered often a specific type of anthropogenically impacted landform
but in detailed manner, as for coastal and estuarine areas (Pye and Blott 2014; Ferrer-Valero et al.
2017), mining landforms (Harnischmacher and Zepp 2014; Byizigiro 2015; Dulias 2016),
catchment areas (Slaba et al. 2015), and agriculture (Martinez-Casasnovas 2003; Houben et al.
2006; Chartin et al. 2013) in addition the impact quantification of transportation upon landforms
has also been studied (Sofia et al. 2016).

With the growing body of work in the subject, a few review articles (Price et al. 2011; Brown et
al. 2017) and comprehensive books (Szabo et al. 2010; Goudie and Viles 2016; Das et al., 2020)
have appeared. Mapping of anthropogenically impacted landforms has also been carried out using
a holistic approach that incorporates the underlying notion of earth movement. Hooke (1999) made
a pioneering attempt in this area, calculating and mapping the amount of earth movement per year
in the United States, while Pirkhoffer (2009) mapped anthropogenically impacted landforms in
Hungary based on different land use categories. Recently, some pioneering attempts have been
made to use geospatial technology to determine human impact on landforms using landscape
metrics and the extent of anthropogenic modification (Tarolli, 2014; Tarolli et al., 2017).
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Nonetheless, despite much research in the field, there is no universally acknowledged strategy or
method for quantifying the influence of human activities on geomorphology (Rozsa, 2007).

The current study argues that there are still additional cross-disciplinary characteristics that play a
crucial role in defining the AGP impact, and so they must be included to quantify the anthropo-
geomorphic impact. Demography combined with geomorphometric factors, for example, are still
unexplored paths. Because areas with a high population density and low socioeconomic
development are more likely to exert pressure on the earth's surface than places with a low
population density, higher income, and superior development. Similarly, local geomorphological
characteristics such as rock type, slope, aspect, hazards, and the like play an essential role in the
formation of an ecumene in a given area.

As a result, the current study presents a novel methodology for quantifying a region's AGP impact
by assessing the pressure exerted by the ecumene and climate, as well as the fragility of local
geomorphology. It uses a case study of coastal tracts in the South Goa district which have been
rapidly transformed into high density human settlements since the turn of the century to
demonstrate the frameworks' usefulness.

6.2 Result
Table-6.1 Results of Anthropogeomorphic Impact at ecumene for the year 2000 and 2020 in the
study area.
Taluka Year | Degree of | Degree of | AGI@E
Anthropic Erosive
Pressure susceptibility
Marmugao 2000 12.96
Marmugao 2020 13.16
Growth (%) 1.54
Salcete 2000 10.52
Salcete 2020 12.71
Growth (%) 4.9 20.81 26.74
Quepem 2000 | 11.47 7.42 85.10
Quepem 2020 | 11.95 8.69 103.84
Growth (%) 4.18 17.11 22.02
Canacona 2000 |8.76 8.36 73.40
Canacona 2020 | 8.78 8.71 76.29
AGI@E Growth (%) | 0.22 4.18 3.93
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Fig-6.1 Plot showing the growth (%) encountered in the Amount of Anthropic Pressure (AP),
Amount of Erosive Susceptibility (ES) and the AGI@E in different taluka(s) between 2000 and
2020.

6.3 Results Interpretation

The Nigam-Kotha model of AGI@E results (Fig.-6.1 & Table-6.1) of Marmugao were found to
be the highest among its peers (338.77 & 358.34) during both the year (2000 & 2020). Salcete
follows Marmugao with the AGI@E (229.44 & 290.80) during the similar years but showing
fastest growth (26.74%) among all between the period 2000-2020. According to the model, both
the taluka(s) are having severe impact upon the geomorphology. On the other hand, Quepem and
Canacona have been found to be in their own league with Quepem (85.10 & 103.84) and Canacona
(73.40 & 76.29) AGI@E during 2000 and 2020 respectively, having moderate AGP impact.

Likewise, the amount of anthropic pressure has been found to be highest in Marmugao (26.14 &
27.23) followed by Salcete (21.81 & 22.88) (Severe AGP impact) and Quepem (11.47 & 11.95)
and Canacona (8.76 & 8.78) (moderate impact) during 2000 and 2020 which clearly suggests the
negative significance of urbanization on geomorphology.

Similar trends have been observed for the erosive susceptibility where Marmugao (High AGP
impact) tops the list, closely followed by Salcete (High AGP impact). Again, Quepem and
Canacona have been found to be in a different league (Moderate impact) suggesting stable
geomorphological aspects, resulting in less, compared to the remaining taluka(s). However, all the
taluka(s) have shown positive growth trend between 2000 and 2020 in terms of anthropic pressure,
erosive susceptibility and the AGI@E.
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Chapter-7

Multi-Temporal Beach Litter Assessment

7.1 Background: A Major Environmental Concern due to Human Footprints

The coastal regions worldwide, recognized as highly productive environments supporting diverse
marine life, have been integral to human settlements throughout history (Neumann et al., 2015).
This longstanding human presence has given rise to some of the most significant urban centers
along the coast (Griggs, 2020), contributing to the generation of substantial anthropogenic waste
(Creel, 2003; McLachlan et al., 2013; Duarte et al., 2020; Grases et al., 2020). The disposal of
land-generated litter into the sea occurs through various channels, including rivers, sewerage,
wind, waves, currents, and spillage (William and Buitrage, 2019). Widespread and often disastrous
for marine life and ecosystems, this litter, predominantly composed of plastic (>80%) in marine
environments, has caused irreversible damages (Gallo et al., 2017; IUCN, 2020). To understand
the spatial-temporal variations and assess the impact of litter pollution on the environment,
numerous researchers have engaged in the study of marine litter (Xanthos and Walker, 2017;
UNEP, 2017; Schnurr et al., 2018; Noelia et al., 2018; Mansui et al., 2020; Bellou et al., 2021;
Morales-Caselles et al., 2021).

The increased awareness and growing concern surrounding the impacts of plastic pollution have
spurred numerous researchers to delve into studies on marine litter, aiming to comprehend its
sources and potential environmental implications. India, marked by rapid coastal development, a
burgeoning beach tourism industry, and boasting some of the world's largest river systems,
emerges as a significant contributor to marine litter. Investigations on litter monitoring
assessments conducted across various segments of the Indian coastline unveil that inefficient waste
management, especially in coastal areas, combined with population behavior towards waste
disposal, serves as a primary cause of marine litter (Behera et al., 2021; Jayasiri et al., 2013; Jelil,
2013; Sharma and Pandey, 2020; Manickavasagam et al., 2020; Manickavasagam et al., 2021;
Kaladharan et al., 2017, 2020; Vaz et al., 2017; Sridhar et al., 2007; Sulochanan et al., 2014;
Sulochanan et al., 2019; Daniel et al., 2017; Ashwini and Varghese, 2020; Kaviarasan et al., 2020;
Ramakritinan et al., 2015; Kumar et al., 2016; Veerasingam et al., 2016; Karthik, et al. 2018;
Sathish et al., 2019; Jeyasantha et al., 2020; Vidyasakar et al., 2020; Dharani et al., 2003;
Krishnakumar et al., 2020; Thorat et al., 2023).

In a recent study, Kaladharan et al. (2017) underscored the pivotal role of coastal tourism in
contributing to beach litter. Goa, renowned as one of the world's most popular tourist destinations,
not only stands out for its vibrant tourism industry but also registers the highest amount of beach
litter, including the greatest quantity of plastic among all Indian coastal states. Leveraging the
unique circumstance presented by the COVID-19 pandemic, this study seized the opportunity to
monitor and assess beach litter along Goa's coastline. The survey covered eight different beaches,
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four in each of the north and south districts, during two distinct periods: May 2020, marked by a
standstill in tourism-related activities due to the COVID-19 lockdown, and January 2021, a period
of peak tourism activity in Goa under normal circumstances.

The objective of this study is to measure beach litter during the absence of tourism activity
resulting from the lockdown and subsequently compare it with the peak tourism season. The aim
is to gain insights into the impact of tourism on litter generation along the Goa coast. This chapter,
in particular, delves into a multi-temporal assessment of beach litter, exploring its evolution,
spatial distribution, implications on coastal ecosystems and most importantly, its occurance as the
proxy of human presence.

Table-7.1 Characteristics of the Beaches in the study area.

S. No Beach Location | Sediment Type Significance
a. Baina, 15.392124 N, |Fine to medium [Urban beach located on the outskirts of the
73.806836 E  |Sand Vasco-da-Gama city, which is known for
Marmugao

fishing activity. Frequently visited by locals.
Litter is generated by many households
situated on the shoreside.

b. Velsao, 15.354617 N, |Fine sand Part of the longest continuous sandy beach
73.884208 E stretch in south Goa is used for fishing using
canoes and visited by locals. No commercial
activities (Shrivastava, 2020).

Marmugao

c. Colva, 15.276226 N, |Fine sand The most popular and crowded beach in South
73.913626 E Goa which is known as the queen of beaches.
Lots of commercial activity on the shore side
(India.com, 2020).

Salcete

d. Palolem, 15.011469 N, |Fine sand beach |World-renowned beach which is popular

74.021420 E among high-end international tourists. Known
Canacona
for water sports. Shacks crowded on the

shoreside (Oliver Wakefield, 2018)
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Fig- 7.1. Visualization of the UAV (Drone) reconnaissance survey for detecting beach litter
hotspots in the study area for the selection of beaches (a. Baina, b. Velsao, c. Colva, and d.
Palolem (The insets display complete stretch of the beaches).

7.2 Results

Table-7.2 Litter density at different beach locations during May 2020 and January 202.

Beach | Total May 2020 January 2021 Difference
Area Total Litter Total Litter | Change in
(sq. m) | litter (g) | (g/m®) | litter (g) | (g/m?) | Litter (Jan
2021 w.r.t.
May 2020,

)
Baina 9800 9936 1.01 37725 3.85 +281.18
Velsao 17100 6978 | 0.41 | 16563.15 0.97 +136.58
Colva 14100 16289 1.16 | 38308.2 2.72 +134.48
Palolem 7700 2103 | 0.27 23711 3.08 | +1040.74

Table-7.3 Per capita share of beach litter among the population of respective coastal villages.

Beach May 2020 January 2021 Difference
Village Total Litter per | Total litter | Litter per | Increment in
population | litter person (g/m?) person Jan 2021

(g/m?) (kg/head) (kg/head) | w.r.t. May
2020 (%)

Baina 77243 9936 0.13 37725 0.49 +276.92

Velsao 1520 6978 4.59 16563.15 10.90 +137.47

Colva 3141 16289 5.19 38308.2 12.20 +135.06
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Palolem 4547 2103 0.46 23711 5.21 +1032.60
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Fig- 7.2 Different litter categories during lockdown (May 2020) and unlock (January 2021),
cumulative of all transects at each beach.

137



May 2020

A%

A%

e

I Thermacol
Mriastic

Bmetal
Glass

Colva
‘ 31%

*‘%«‘ o
Yo

Palolem

January 2021

IRubber
M Footwear

Fig- 7.3 Breakup of beach litter categories at each beach during lockdown (May 2020) and

unlock (January 2021).
Table-7.4 Interpreted Color coding indicator for beach cleanliness.
Beach Litter (g/m°) Litter (g/m°)
May 2020 January 2021
Baina
Velsao
Colva
Palolem

Table-7.5 ANOVA results of litter data at the selected beaches in the study area. The relatively
higher F value (2.13821) in the table, verifies the significant increase in beach litter from
lockdown to unlock periods. The litter types: Glass, Footwear, and plastic, show a substantial
variation contributing towards total litter (also refer to Fig.-7.3).

138



Test of SS Whole Model vs. SS Residual

Multi | Multip | Adjust SS d MS SS d MS F p
pleR | l1eR? | ed R? f f
] 1.89]0.19
Rubber | 0345| 0.119| 0.056| 723775.6| 1| 723775:5| 5347601.1| | 3819715| ~°|”"
Plastic | 0.123| 0.015| -0.055| 2133414.4| 1| 2133414.4 13955663; i9968330.8 0'241‘ 0'6f
f“"twea 0366 0.134| 0.072| 9610426.3| 1| 96104263 621215626‘ i4437254.5 2'12 0'12
149567431 | 149567431 158156754 1| 11296911| 13.2]0.00
Glass 0.697| 0.486| 0.449 ol 1 o 1 4 os| a0l 3
] 0.36]0.55
Metal | 0.160| 0.025| -0.044| 36130.4| 1| 361304| 1381267.3| ,| 986620 /"~
] 220]0.1
cTal;e"n“ 0369| 0.136| 0.074| 3652332|1| 3652332 23185802 ,| 165612.9 (5)0 g
198021920 _ | 198021920 234685677| 1| 16763262 11.8]0.00
Total 0.676| 0.458| 0.419 o1l ! ol np o I b
Litter | 474] 0225 0.170 200/ 1 20.0 69.0 . 49| 406/0.06
Density 4 7 3
Multivariate Tests of Significance: Sigma-restricted parameterization
EFFEC Test Value F Effect Error P
T
Intercept|  Wilks | 0.077425 | 17.87359 6 9 0.000157
Period Wilks  |0412291 | 2.13821 6 9 0.146923
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Fig-7.4 Scatter Matrix Plot of Litter variables for the Lockdown and Unlock periods.
7.3 Result Interpretation

The beaches in the study area mainly showed an increase in litter after lockdown. For Baina, except
for a decrease in metal (100%), all items exhibited an increase with glass, thermocol, and footwear
by 624%, 552%, and 107%, respectively. For Velsao beach, the glass litter was highest (4818 %),
followed by thermocol (621%) and footwear (85%). Interestingly, plastic and metal litter were
correspondingly reduced by 72% and 95%. Colva beach exhibited an increase in all the categories
of litter ranging from 8% (plastic) to 429% (footwear). Glass litter increased (3103%) followed by
rubber (2140%) and footwear (213%) for Palolem beach, while metal and thermocol showed a
decrease by more than 70% (Table-7.2).

For plastic litter exceeding 2 kg, Colva beach ranked top, followed by Baina (Table-7.2). For
footwear litter exceeding 1 kg for both periods, the assessment found at Colva, Baina. Glass litter
exceeding 1 kg for all beaches in post-lockdown. Packaging materials like thermocol, Velsao,
Baina, and Colva exhibited more than 0.1 kg of litter.

Beach-wise variation in litter categories is further interpreted statistically to understand the
relationship between the litter categories within and among beaches. Untreated raw data of beach
litter categories are used as input data for the statistical interpretation (Schulz et al., 2013). The
summary of the relationships between all litter variables is presented in a scatterplot matrix (Fig.
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7.4), a graphical plot equivalent of the correlation matrix. The scatterplot portrays a clear
separation of lockdown versus unlock periods. Further, the matrix plot shows the relationship
(graphically) of each of the litter variables. The litter data was subjected to statistical analyses
ANOVA to understand the changes quantitatively during and post-lockdown periods.
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Chapter-8

Multi-Temporal Air Quality Analysis

8.1 Background

While the industrial revolution marked a monumental achievement in technology, societal
progress, and enhanced services, it also introduced significant quantities of pollutants into the
water we drink, the air we breathe, and the soil supporting plant growth. Environmental pollution
and degradation have evolved into a global public health concern, encompassing multifaceted
dimensions such as social, economic, and legislative considerations. The surge in industrialization,
escalating urbanization, and associated anthropogenic activities have reached unprecedented
levels worldwide, precipitating a critical scenario in urban and semi-urban regions, particularly in
developing countries (Sharma and Patil, 2016). Scientific evidence underscores the prevalence of
poor air quality (AQ) in both megacities and small towns across Asia (IAQP, 2010).
Anthropogenic air pollution stands as one of the most significant global public health hazards,
contributing to approximately 9% of annual deaths (Louati et al., 2018; Son and Louati, 2016).
Deterioration in urban AQ emerges as a paramount concern amidst environmental degradation in
urban and semi-urban areas, directly impacting human health (Tandon et al.,, 2008) and,
consequently, the overall quality of life (Dadhich et al., 2018). Air pollution, recognized as one of
the top five global risk factors for mortality (HEI, 2019), is linked to compromised lung function,
cardiovascular diseases, neuropsychological issues, and, critically, loss of life (Gupta, 1999;
WHO, 2005). In this chapter, we delve into a multi-temporal analysis of air quality, exploring its
evolution, spatial distribution, and the far-reaching consequences on human health and well-being.

Air pollution comprises of various gaseous and dust particles such as Carbon dioxide (CO,),
Sulphur dioxide (SO,), Oxides of Nitrogen (NOy), Carbon Monoxide (CO), Ozone, Methane,
Particulate Matter (PM), etc. Their major sources are power stations, the chemical and fertilizer
industries, metallurgical and other industrial plants, construction activities, open-cast mining,
fossil fuel-based vehicles, and municipal incineration. These possess different intensities of
adverse effects on human health. SO,, which is formed from the combustion of fossil fuels and
thermal power stations (Darryl, 2017), causes significant health complications such as substantial
reduction in lungs efficiency, Asthma, Inflammation, and irritation in the respiratory tract and
eyes, cardiovascular disease, etc. PM is another ubiquitous air pollutant dominating the urban and
semi-urban regions, which occurs as a cocktail of solids and liquid particles of various sizes
floating in the air. The primary source of PM is dust particles, diesel soot, while the gaseous form
of sulfate and nitrate transform physic-chemically and become the secondary source of the PM
(Limaye and Salvi, 2010). The PM has different effects on human health depending on the size
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(Kim et al., 2015). The PM, 5 can remain in the atmosphere for a longer time (days to weeks); as
such, they can be transported over longer distances. These have a very high level of penetrability
in the lungs, which can eventually cause premature deaths. The coarser PM;( quickly settle down
due to gravity or are washed out by precipitation.

Pollutants have differences in chemical and physical properties, which cause inconsistency in their
capacity to produce toxic effects. According to GBD MAPS Working Group (2018), PMys
pollutants was responsible for 0.99 million and 0.78 million in 1990 and 2016, respectively. India
has an even more grim situation in terms of pollution Exceedance Factor (EF). During 1998, 27%
of 640 districts of India were found to be above the annual standard value of 40 pg/m’ of air
pollution, which deteriorated even more in 2010 when 45% of the Indian districts had air pollution
that exceeded the annual standard value (Guttikunda et al. 2019). It is estimated that 0.62 million
deaths occurred due to high air pollution and deteriorating AQ in India (Lim et al., 2012). In 2019,
nine cities from India were under the top 10 most polluted cities in the world ranking list (Yuda
2019).

Goa is the smallest Indian state located on the west India coast and forms a narrow strip of low
land sandwiched between the Arabian Sea in the west and the Western Ghats in the east. The
majority of the state has been under a good amount of vegetation; however, since the past four
decades, haphazard urbanization and rapid economic growth due to extensive tourism activities,
open-cast mining, and construction activities have degraded the environment (Nigam et al., 2020).
The compounded annual growth rate of Green House Gases (GHG) emission between 1980 and
2005 for Goa was found to be 5.59% for CO,. It provides clear evidence of subsequent growing
energy consumption and future demand in Goa (Jamir and De, 2013). This can be attributed to
rapid growth in tourism, transport, and mining activities. A quick increment in vehicular traffic is
becoming a significant source of air pollution in Goa, as fuel consumption shows a growth of 8.5%
(Sharma and Patil, 2016).

The study area is still in the nascent stage of gaseous pollutant emission; however, the PM;g
concentration is the most dominant pollutant because of gross violations of transport vehicles
construction companies' operating protocol and mining firms. The increase in pollutant emissions
in Goa can also be attributed to a large influx of tourists who commute from other states with their
own diesel-operated vehicles. The tourist demands, such as energy consumption, vehicular
movement, etc., increase exponentially and creates more pollution (Sharma and Patil, 2016) and
leads to increment in trash generation during the peak tourism season (Nigam et al., 2021). While
the tourism activities are significantly less in the hinterland of Goa, iron-ore mining and
transportation is the primary source of economic activity. It contributes to air pollution in the
hinterland and along the iron-ore transportation routes, which is usually done using diesel-operated
trucks. However, the mining activity has been banned in the state by the Supreme Court of India
since 2018 due to violation of the Environmental Protection Act, The Forest Conservation Act,
Mines and Minerals Act by the mining companies.
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South Goa’s beautiful beaches and unique cultural heritage attract tourists from around the world,
so much so that many people from other places have settled, and some have even bought a holiday
home in this picturesque state. This has led to more urbanization, enhanced trash, and pollution
due to more vehicular traffic, and has inflated the cost of living. In this background, the present
work asses the level of air pollution by analyzing the inter-annual variability of SO,, PM; s, and
PM at eight different pollution monitoring stations which cover commercial/economic centers,
township/residential areas, and mining pockets situated in the study area over the period 2014-
2020. The goals are to address the inter-annual variability of the AQ and the role of environmental
variables like precipitation and air temperature in modulating the changes in the AQ during
monsoon and post-monsoon seasons. It is anticipated that the outcome of this study would be
useful to determine increasing human influence nearby the meteorological stations and also to the
authorities to plan mitigation control measures to combat air pollution in order to arrest the
environmental degradation.

8.2 Results

Fig-8.1 The inter-annual distribution of seasonal average (monsoon and post-monsoon) SO,
PM, 5, PM,, seasonal average rainfall, seasonal average minimum and maximum temperature
along with the Exceedance Factor for the stations; (a) Vasco da Gama (Marmugao), (b) Margao
(Salcete), (c) Quepem (Quepem) and (d) Curchorem (Quepem).
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Table-8.1 Statistical results showing the Mean, Standard Deviation, Mean difference (in %) of
the pollutants (SO,, PM ;o and PM; 5) for the towns (Vasco-da-Gama, Margao, Quepem and
Curchorem) located in the study area.

Vasco da Gama

SO, PM;, PM, s
Year Mean | Std. Mean Mean Std. Mean Mean Std. Mean
Devia | Differen Deviatio | Differen Deviati | Differe
tion ce n ce on nce
In (%) In (%) In (%)
2014
(N.M) | 4.8 0.61 NA 57.3 4.06 NA 20.8 2.74 NA
2014
M) 3.92 036 | NA 46.74 1.81 NA 16.43 0.9 NA
2015
(N.M) | 4.8 0.07 -12.5 59.2 7.9 3.31 20.3 3.35 -2.40
2015
M) 3.55 0.36 -9.43 39.23 5.48 -16.06 13.55 1.43 -17.52
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2016
(N.M) | 5.6 1.9 16.66 73.7 24.39 24.49 23.9 6.8 17.73
2016
(M) 3.6 0.18 1.40 49.9 1.62 27.19 16.7 0.76 23.24
2017
(N.M) | 9.1 1.96 62.5 85.1 14.64 15.46 27.14 10.28 13.55
2017
(M) 7.1 0.75 97.22 39 4.77 -21.84 12.37 0.97 -25.92
2018
(N.M) | 9.1 0.98 0 100.13 53.45 17.66 40.83 4.46 50.44
2018
(M) 6.7 0.86 -5.63 33.2 3.23 -14.87 10.63 1.5 -14.06
Margao
SO, PM;, PM;s
Year Mean Std. Mean Mean Std. Mean Mean Std. Mean
Deviatio | Differe Deviatio | Differen Deviatio | Differe
n nce n ce n nce
In (%) In (%) In (%)
2014 5.01 0.7 NA 63.79 4.4 NA 22.73 1.2 NA
(N.M)
?13[1)4 4 0.32 NA 45.6 8.24 NA 15.9 3.44 NA
2015 4.23 0.1 -15.56 | 63.19 12.6 -0.94 21.56 4.9 -5.14
(N.M)
2015 3.6 0.13 -10 44.2 3.93 -3.07 15.1 1.61 -5.03
M)
2016
5.76 1.9 36.17 80.59 1.9 27.53 27.23 3 26.29
(N.M)
2016 3.4 0.31 -5.55 41.5 9.05 -6.1 15 3.99 -0.66
M)
2017 8.89 1.4 54.34 68.2 14.5 -15.37 22.23 5.6 -18.36
(N.M)
?13[1)7 5.8 0.91 70.58 35.6 2.05 -14.21 11.4 0.67 -24
2018 7.68 0.2 -13.61 | 69.24 11 1.52 19.04 42 -14.34
(N.M)
?13[1)8 6.5 0.36 12.06 39.8 10.32 11.79 11 1.42 -3.50
Quepem
SO, PM;, PM, s
Year Me | Std. Mean Mea | Std. Mean Mean Std. Mean
an | Deviati | Differen | n Devi | Differen Deviatio | Differe
on ce ation | ce n nce
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In (%) In (%) In (%)
2014 (N.M) 4.8 |0.64 NA 55.1 ;1'5 NA 20.1 4.3 NA
2014 (M) 39 1024 NA 25'4 7.75 | NA 21.27 2.38 NA
2015 (N.M) 4.1 |0.09 -14.58 582 | 853 |562 20 3.24 -0.49
2015 (M 35 40.1
M) 5 0.26 -8.97 5 224 | -27.60 13.88 0.75 -34.74
2016 (N.M 10.

016 ( ) 6 2.06 46.34 6.4 70 0 -89 23.8 3.23 19
2016 (M 26.

016 (M) 7.8 | 0.66 119.71 36 8 5.68 | -100 15.73 1.66 13.32
2017 (N.M) 69 | 0.78 15 729 |72 1039.06 | 36.67 4.81 54.07
2017 (M) 255 0.17 -16.34 37'3 6.2 NA 23.3 2.9 48.12
2018 (N.M 10. 2. 16.

018 ( ) 0 1.06 50.43 82.8 6-5 13.58 42.52 8.96 15.95

38 0 7
2018 (M) 41.1
7.7 | 0.83 18 3 8 -13.09 23.66 6.8 1.54
Curchorem
SO, PM,, PM, s
Year Me | Std. Mean Mea | Std. Mean Mean Std. Mean
an Deviati | Differen | n Devi | Differen Deviatio | Differe
on ce ation | ce n nce
In (%) In (%) In (%)
2014 (N.M) 49 (0.7 NA 506 |8 NA 18 2.5 NA
2014 (M) ;‘8 0.314 NA 47“'1 3.62 | NA 14.49 1.22 NA
2015 (N.M) 42 10.1 -14.28 58 10.1 14.62 19.8 3.7 10
2015 (M) ;4 0.16 -11.59 ;6'6 3.15 | -10.90 12.43 0.81 -14.21
2016 (N.M) 55 |15 30.95 57.6 | 13.9 | -0.68 23.7 2.2 19.69
2016 (M) 2‘2 0.82 111.37 29'6 34 -19.16 16.1 1.5 29.52
2017 (N.M) 6.5 0.6 18.18 63 35 9.37 30.7 2.8 29.53
2017 M . 45.

017 (M) g > 0.15 -9.65 55 > 439 | 53.62 22.9 1.9 42.23
2018 (N.M . .

018 ( ) 2 8 1.16 51.07 27 > 374 | 7.26 337 2.81 9.77
2018 (M) 7.4 |0.12 12.97 ;9'4 699 | -13.42 22.33 5.4 -2.48
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Table-8.2 Statistical results showing the level of Exceedance Factor and the air quality in

and Curchorem) located in the study area.

relation to the pollutants (SO,, PM o and PM,; ) in the towns (Vasco-da-Gama, Margao, Quepem

Vasco da Gama

SO, PMo PM; 5
Year Exceedance | Air Exceedance | Air Exceedance | Air

Factor (E.F) | Quality | Factor (E.F) | Quality | Factor (E.F) | Quality
2014 (N.M) | 0.09 L 0.95 M 0.52 M
2014 (M) 0.07 L 0.77 M 0.41 L
2015 (N.M) | 0.09 L 1.08 H 0.51 M
2015 (M) 0.07 L 0.65 M 0.33 L
2016 (N.M) | 0.11 L 1.22 H 0.59 M
2016 (M) 0.07 L 0.83 M 0.41 L
2017 (N.M) | 0.18 L 1.41 H 1.01 H
2017 (M) 0.14 L 0.65 M 0.30 L
2018 (N.M) | 0.18 L 1.66 C 1.02 H
2018 (M) 0.13 L 0.55 M 0.26 L
Margao

SO, PMo PM; 5
Year Exceedance | Air Exceedance | Air Exceedance | Air

Factor (E.F) | Quality | Factor (E.F) | Quality | Factor (E.F) | Quality
2014 (N.M) | 0.1002 L 1.06 H 0.56825 M
2014 (M) 0.08 L 0.76 M 0.3975 L
2015 (N.M) | 0.08 L 1.05 H 0.53 M
2015 (M) 0.07 L 0.73 M 0.37 L
2016 (N.M) | 0.11 L 1.34 H 0.68 M
2016 (M) 0.068 L 0.69 M 0.37 L
2017 (N.M) | 0.17 L 1.13 H 0.55 M
2017 (M) 0.11 L 0.59 M 0.28 L
2018 (N.M) | 0.15 L 1.15 H 0.47 L
2018 (M) 0.13 L 0.66 M 0.27 L
Quepem

SO, PMj, PM; 5
Year Exceedance | Air Exceedance | Air Exceedance | Air

Factor (E.F) | Quality | Factor (E.F) | Quality | Factor (E.F) | Quality
2014 (N.M) | 0.09 L 0.91 M 0.51 M
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2014 (M) 0.07 L 0.92 M 0.53 M
2015 (N.M) | 0.08 L 0.97 M 0.51 M
2015 (M) 0.07 L 0.66 M 0.34 L
2016 (N.M) | 0.12 L 0.10 L 0.59 M
2016 (M) 0.15 L 0.44 L 0.39 L
2017 (N.M) | 0.13 L 1.21 H 0.91 M
2017 (M) 0.13 L 0.78 M 0.58 M
2018 (N.M) | 0.20 L 1.38 H 1.01 H
2018 (M) 0.15 L 0.68 M 0.59 M
Curchorem
SO, PMi PM; 5
Year Exceedance | Air Exceedance | Air Exceedance | Air

Factor (E.F) | Quality | Factor (E.F) | Quality | Factor (E.F) | Quality

2014 (N.M) | 0.09 L 0.84 M 0.45 L
2014 (M) | 0.07 L 0.68 M 0.36 L
2015 (N.M) | 0.08 L 0.96 M 0.49 L
2015 (M) | 0.06 L 0.61 M 0.31 L
2016 (N.M) | 0.11 L 0.96 M 0.59 M
2016 (M) | 0.14 L 0.49 L 0.40 L
2017 (N.M) | 0.13 L 1.05 H 0.76 M
2017 (M) | 0.13 L 0.75 M 0.57 M
2018 (N.M) | 0.19 L .12 H 0.84 M
2018 (M) | 0.14 L 0.65 M 0.55 M

8.3 Result Interpretation

For Vasco-da-Gama station (Table-8.1 (a) & 8.2 (a) & Fig-8.1 (a)), the SO, concentration for post-
monsoon varied from 4.8+0.6 pg/m’ in 2014 to 10.7+0.6 ug/m’ in 2019. Likewise, it varied from
3.940.4 pg/m’ in 2014 to 10.3+0.4 pg/m’ for monsoon (Fig. 8a), which led to an increasing trend
of 0.97 pg/m’/year and 1 pug/m’/year for post-monsoon and monsoon, respectively. The pollution
level was found to be low across the years. The PM,( concentration increased at the rate of 11.1
ng/m’/year from 57+4.1 pg/m’ to 100+53.5 pg/m’, from 2014 to 2018, which was followed by a
decreasing trend (Fig. 8b). On the other hand, its concentration showed a marginal decreasing
trend of 0.6 pg/m’/year for monsoon season. It is a matter of concern as the pollution level jumped
from medium to high in 2017 to critical in 2018 for pot-monsoon. The PM; 5 concentration varied
from 20.8+2.7 pg/m’ to 39+12 pug/m’ from 2014 to 2019, exhibited a trend of 3.1 pg/m’/year for
post-monsoon (Fig. 8c). On the other hand, the mean concentration varied within 10 ug/m’ over
the 7-year period.
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For the commercial city of Margao (Table-8.1 (b), 8.2 (b) & Fig-8.1 (b)), the SO, concentration
steeped up from 4.2+0.1 (4+£0.32) pg/m’ in 2014 to 4+0.32 (10.3£0.43) pg/m’ in 2019 for post-
monsoon (monsoon) season. The trend was found to be 0.99 (0.91) pg/m’/year for the post-
monsoon (monsoon) season. The pollution level was classified as low across the years. The PM ;g
concentration varied from 63.84+4.4 (45.6£8.2) in 2014 to 69.3+20.4 (40.1+4.6) in 2019, which led
to an insignificant negative trend of -0.4 (-0.41) pg/m’/year for post-monsoon and monsoon
season. The pollution level was high/medium for the post-monsoon/monsoon period. The PM; s
concentrations also exhibited an increasing trend of 1.27 (1.0) pg/m’/year. For the monsoon
period, the concentration was found below 20 pg/m’, The pollution level varies between low and
medium for both seasons. The lower concentration in PM was attributed to higher rainfall was
seen across the years.

For Quepem station (Table-8.1 (c), 8.2 (¢) & Fig.-8.1 (¢)), the SO, concentration increased 1.1
(0.8) pug/m’/year for post-monsoon (monsoon). The pollution level was found to be low across the
years (Fig. 8a). Interestingly, the SO, concentration for 2019 was nearly the same (10.4+0.4
ug/m’). The PMy concentration showed an increasing but insignificant trend of 5.1 pg/m*/year
for post-monsoon (Fig. 8b). The pollution level was shifted from low in 2016 to high after 2017
for the monsoon period but was consistently at a low level for the post-monsoon season. The PM; s
concentration depicted an increasing trend of 4.5 pg/m’/year for post-monsoon (Fig. 8c). The
pollution level was moderate for 2019-2020 for both seasons. Heavy rainfall during 2018-2020
dropped the concentration of PM drastically (Fig. 8 b, ¢ & d).

For Curchorem station (Table-8.1 (d), 8.2 (d) & Fig-8.1 (d)) which is situated in the township area,
the SO, concentration showed an increase from 4.9+0.7 (3.88+0.3) pug/m’ in 2014 to 10.7+0.5
(10.28+0.43) pg/m’ in 2019, which dropped to 9+1.5 (6.8+1) pg/m’ in 2020 for post-monsoon
(monsoon) season. The trend in its concentration was found to be 1.06 (0.81) pg/m’/year for post-
monsoon (monsoon), and the pollution level was found to be low. The PM,( concentration showed
an increasing trend of 1.67 (1.13) pg/m’/year for the post-monsoon (monsoon) season. The
pollution level was high during 2017-2019 post-monsoon and mostly medium for the monsoon
period. The PM, s concentration showed an increasing trend of 2.65 (1.79) pg/m’/year for post-
monsoon (monsoon). The pollution level shifted from low to medium for 2017-2020.

151



Chapter-9

Multi-Temporal Sea Level Rise Inundation Assessment

9.1 Background: The Interconnected Impact of Greenhouse Gases and Sea Level Rise

Greenhouse gases and aerosols play a pivotal role in climate dynamics by altering solar and
thermal radiation, influencing Earth's energy balance. Various atmospheric gases and particles
contribute to the warming or cooling of the climate system (IPCC, 2007). Human activities, dating
back to the industrial age, have significantly warmed the climate (Gabriel et al., 2019), surpassing
the influence of natural processes (Chu et al., 2017).

Human-induced global warming has raised the average global temperature by approximately 1°C
since the industrial revolution (IPCC, 2014). The last decade stands as the warmest on record, with
a current rise exceeding 1.2°C per decade (World Meteorological Organization, 2020). Beyond
temperature increase, climate change affects interconnected Earth systems, leading to sea level
rise (SLR) at various scales and putting coastal communities at risk (IPCC, 2007).

SLR, a visible consequence of climate change, has far-reaching economic and socio-demographic
implications, causing coastal erosion and flooding (World Bank, 2007; Sarkar et al., 2014). The
rise in global mean sea level results from thermal expansion and ocean mass gain, particularly due
to declining land-ice mass (Mimura, 2013). Antarctica and Greenland's ice sheets are losing mass,
contributing to a substantial increase in sea level (Perkins, 2022; Leuliette and Nerem, 2016).

Oceanic heat retention, responsible for one-third to one-half of global sea level rise, has intensified
in recent decades, marked by the warmest ocean temperatures and increased tropical cyclone
activity (Cheng et al., 2020; Ginis, 2021; Sharma, 2022). Rising sea levels, coupled with storm
surges, pose immediate threats, evidenced by a surge in cyclonic events in India and temperature-
related changes in the Arabian Sea (Kabir et al., 2022; D’Mello and Kumar, 2017).

Long-term projections indicate the acceleration of global mean sea level, driven by ice melt and
thermal expansion. Anthropogenic forces, notably since 1970, have been the primary contributors
to this rise (Oppenheimer et al., 2019). Projections suggest a rise between 0.43 m and 0.84 m by
2100, with variations based on emission scenarios (Oppenheimer et al., 2019; AR6, 2021).
Regional disparities in sea level rise, affecting populations within 10 meters of mean sea level,
highlight the urgency for adaptation measures (IPCC, 2019; Merkens et al., 2016).

Asia, home to 75% of the world's population, faces increased threats of inundation and erosion
(Dumenu & Obeng, 2016; Smith, 2011). Coastal risks, exacerbated by extreme events, are reported
globally, impacting infrastructure, livelihoods, and agriculture (Hallegatte et al., 2013; Woodruff
et al., 2013; Clark et al., 2016, Prasad et al., 2023c). In Goa, socio-economic factors and

152



anthropogenic activities heighten vulnerability to SLR and Extreme Sea Level events (IPCC AR-
6,2019).

Without significant adaptation efforts, SLR-related risks, including erosion and flooding, are
expected to intensify along low-lying coasts by the century's end. Non-climatic drivers and
demographic patterns contribute to the exposure and vulnerability of coastal communities in Goa
to SLR and ESL events (IPCC AR-6, 2019). The dynamic nature of coastal risk emphasizes the
need for proactive strategies to address the escalating challenges posed by climate change.

With regard to the study area, Goa has witnessed a remarkable surge in its population, primarily
attributed to robust economic development propelled by tourism (Sawkar et al., 1998; Desousa,
1999). As of the 2001 census, Goa boasts the highest urban population in the country, constituting
62%, marking a significant increase from 49% (Sawkar et al., 1998). However, this unprecedented
urbanization has given rise to a myriad of challenges, including the improper conversion of
agricultural lands to non-agricultural uses, extensive deforestation, demolition of ancestral estates,
and substantial investments in tourism-driven concrete infrastructure. Notably, large-scale
conversions of dune belts have led to irreversible alterations in the coastal landscape, causing
damage to dune flora, permanent loss of coastal sand dunes, and limited beach erosion (Goa
Herald, 2019).

Looking ahead, the impact of climate change is poised to exacerbate existing challenges in Goa.
Anticipated sea level rise (SLR) and heightened intensity and frequency of severe storm events in
the coming decades will introduce new vulnerabilities to the coastal areas (Prasad et al., 2021) of
Goa, necessitating proactive measures. In response, this study seeks to delineate 'future hazard
zones' by calculating the spatial extent of coastal flooding resulting from expected SLR by 2100
AD in South Goa's coastal tracts. Additionally, the study aims to quantify the escalation of SLR-
induced vulnerability within the study area over the last two decades. This comprehensive analysis
is crucial for developing strategies to mitigate the dual challenges of rapid economic development
and the impending impacts of climate change in Goa.

9.2 Results
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Fig- 9.1 Sea level rise inundation maps and LULC maps (2000 and 2020) of Marmugao.
Showing the clusters of different inundation scenarios; (a) Only SLR, (b) SLR + Highest high
spring tide, (c) SLR + Storm surge, (d) SLR + Spring tide + Storm surge, (¢) Without SLR, (f)

LULC-2000, (g) LULC-2020.
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Fig- 9.2 Sea level rise inundation maps and LULC maps (2000 and 2020) of Salcete. Showing
the clusters of different inundation scenarios; (a) Only SLR, (b) SLR + Highest high spring tide,
(c) SLR + Storm surge, (d) SLR + Spring tide + Storm surge, (¢) Without SLR, (f) LULC-2000,

(g) LULC-2020.
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Fig- 9.3 Sea level rise inundation maps and LULC maps (2000 and 2020) of Quepem. Showing

the clusters of different inundation scenarios; (a) Only SLR, (b) SLR + Highest high spring tide,

(c) SLR + Storm surge, (d) SLR + Spring tide + Storm surge, (¢) Without SLR, (f) LULC-2000,
(g) LULC-2020.
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Fig- 9.4 Sea level rise inundation maps and LULC maps (2000 and 2020) of Canacona. Showing

the clusters of different inundation scenarios; (a) Only SLR, (b) SLR + Highest high spring tide,

(c) SLR + Storm surge, (d) SLR + Spring tide + Storm surge, (¢) Without SLR, (f) LULC-2000,
(g) LULC-2020.
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Table-9.1 Amount of inundated area (in sq. km) and Vulnerability Growth Rate (in %) under
different sea level rise inundation scenarios, on the basis of 2000 and 2020 LULC settings in

Marmugao
Scenario-1 (Only
SLR)
Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.15m
2000 0.025 1.107 1.521 0.017 0.161 0.037
2020 0.068 1.078 1.071 0.185 0.403 0.015
VGR 172 -2.61 -29.58 988.23 150.31 -59.45
1.62m
2000 0.025 1.107 1.521 0.017 0.161 0.037
2020 0.068 1.078 1.071 0.185 0.403 0.015
VGR 172 -2.61 -29.58 988.23 150.93 -59.45
221m
2000 0.066 1.286 2.604 0.124 0.365 0.103
2020 0.177 1.166 1.897 0.360 0.846 0.045
VGR 168.18 -9.33 -27.15 190.32 151.78 -56.31
Scenario-2
(SLR + Highest
high spring tide) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.55m
2000 0.025 1.107 1.521 0.017 0.161 0.037
2020 0.068 1.078 1.071 0.185 0.403 0.015
VGR 172 -2.61 -29.58 988.23 150.31 -59.45
2.02m
2000 0.066 1.286 2.604 0.124 0.365 0.103
2020 0.177 1.166 1.897 0.360 0.846 0.045
VGR 168.18 -9.33 -27.15 190.32 131.78 -56.31
2.6Im
2000 0.066 1.286 2.604 0.124 0.365 0.103
2020 0.177 1.166 1.897 0.360 0.846 0.045
VGR 168.18 -9.33 -27.15 190.32 131.78 -56.31
Scenario-3 Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
(SLR + Storm
surge)
5.65m
2000 0.545 1.732 4.544 0.939 1.028 0.464
2020 1.081 1.345 3.100 0.977 2.494 0.181
VGR 98.34 -22.34 -31.77 4.04 142.6 -60.99
6.12m
2000 0.769 1.824 | 4.750 1265 | 1.263 |  0.660
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Marmugao 1.484 1.381 3.294 1.344 2.721 0.210
(2020)
VGR 92.97 -24.28 -30.65 6.24 115.43 -68.18
6.71m
2000 0.769 1.824 4.750 1.265 1.263 0.660
2020 1.484 1.381 3.294 1.344 2.721 0.210
VGR 92.97 -24.28 -30.65 6.24 115.43 -68.18
Scenario-4 Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
(SLR + Spring
tide + Storm
surge)
6.05m
2000 0.769 1.824 4.750 1.265 1.263 0.660
2020 1.484 1.381 3.294 1.344 2.721 0.210
VGR 92.97 -24.28 -30.65 6.24 - -68.18
115.43
6.52m
2000 0.769 1.824 4.750 1.265 1.263 0.660
2020 1.484 1.381 3.294 1.344 2.721 0.210
VGR 92.97 -24.28 -31.28 6.24 - -68.18
115.43
7.11m
2000 1.184 1.893 4.915 1.484 1.661 0.923
2020 2.155 1.399 3.455 1.762 2.902 0.259
VGR 82.01 -26.09 -29.70 18.73 -74.71 -71.93
Scenario-5 Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
(Without SLR)
5.Im
2000 0.545 1.732 4.544 0.939 1.028 0.464
2020 1.081 1.345 3.100 0.977 2.494 0.181
VGR 98.34 -22.34 -31.77 4.04 142.6 -60.99
5.5m
2000 0.545 1.732 4.544 0.939 1.028 0.464
2020 1.081 1.345 3.100 0.977 2.494 0.181
VGR 98.34 -22.34 -31.77 4.04 142.6 -60.99

Table-9.2 Amount of inundated area (in sq. km) and Vulnerability Growth Rate (in %) under
different sea level rise inundation scenarios, on the basis of 2000 and 2020 LULC settings in
Salcete

Scenario-1 (Only
SLR)

Built Up

Water Bodies

Wetland

Agriculture

Forest

Barren Land

1.15m
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2000 0.018 3.062 3.486 0.144 0.268 0.011
2020 0.042 3.026 3.527 0.170 0.085 0.066
VGR 133.33 1.17 1.17 18.05 -68.28 500
1.62m
2000 0.020 3.056 3.473 0.144 0.269 0.012
2020 0.044 3.023 3.510 0.174 0.085 0.066
VGR 120 -1.07 1.06 20.83 -68.40 450
2.21Im
2000 0.908 4.327 5.864 1.454 2.154 0.664
2020 1.233 4.059 6.474 1.554 1.295 0.657
VGR 35.79 -6.19 10.40 6.87 -39.97 -1.05
Scenario-2 (SLR
+ Highest high
spring tide) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.55m
2000 0.023 3.045 3.514 0.143 0.147 0.014
2020 0.047 3.013 3.543 0.121 0.030 0.068
VGR 104.34 -1.05 0.82 -15.38 -79.59 385.71
2.02m
2000 0.908 4.327 5.864 1.454 2.154 0.664
2020 1.233 4.059 6.474 1.554 1.295 0.657
VGR 35.79 -6.19 10.4 6.86 -39.87 -1.05
2.61lm
2000 0.917 4.332 5916 1.462 2.210 0.669
2020 1.244 4.059 6.534 1.590 1.318 0.658
VGR 35.65 -6.3 10.44 8.75 -40.36 -1.64
Scenario-3 (SLR
+ Storm surge) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.65m
2000 5.765 5.176 9.842 14.676 10.025 6.248
2020 9.040 4.841 11.263 17.201 6.640 2.842
VGR 56.8 -6.47 -99.88 17.2 -33.76 -54.51
6.12m
2000 6.946 5.292 10.345 20.485 13.453 8.206
2020 11.716 4.963 11.900 23.702 9.097 3.447
VGR 68.67 -6.21 -99.88 15.7 -32.37 -57.99
6.17m
2000 6.946 5.292 10.345 20.485 13.453 8.206
2020 11.716 4.963 11.900 23.702 9.097 3.447
VGR 68.67 -6.21 15.03 15.7 -32.37 -57.99
Scenario-4 (SLR
+ Spring tide +
Storm surge) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land

6.05
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2000 6.946 5.292 10.345 20.485 13.453 8.206
2020 11.716 4.963 11.900 23.702 9.097 3.447
VGR 68.67 -6.21 15.03 15.17 -32.37 -57.99
6.52
2000 6.946 5.292 10.345 20.485 13.453 8.206
2020 11.716 4.963 11.900 23.702 9.097 3.447
VGR 68.67 -6.21 15.03 15.17 -32.37 -57.99
7.11
2000 8.330 5.370 10.733 26.275 16.708 10.131
2020 14.661 5.019 12.326 31.279 10.594 3.878
VGR 76 -6.53 14.84 19.04 -36.59 -61.77
Scenario-5
(Without SLR) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.1m
2000 5.765 5.176 9.842 14.676 10.025 6.248
2020 9.038 4.844 11.263 17.197 6.642 2.842
VGR 56.77 -6.41 14.43 17.17 -33.74 -54.51
5.5m
2000 5.765 5.176 9.842 14.676 10.025 6.248
2020 9.038 4.844 11.263 17.197 6.642 2.842
VGR 56.77 -6.41 14.43 17.17 -33.74 -54.51

Table-9.3 Amount of inundated area (in sq. km) and Vulnerability Growth Rate (in %) under
different sea level rise inundation scenarios, on the basis of 2000 and 2020 LULC settings in

Quepem
Scenario-1 Only
SLR Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.15m
2000 0 0.010 0 0 0.009 0
2020 0 0.005 0.005 0.004 0.003 0
VGR 0 -50 500 400 -300 0
1.62m
2000 0 0.010 0 0 0.009 0
2020 0 0.005 0.005 0.004 0.003 0
VGR 0 -50 500 400 -66.66 0
2.21m
2000 0.002 0.037 0.008 0 0.005 0.004
2020 0.003 0.010 0.045 0.001 0.002 0
VGR 50 -72.97 462.5 100 -60 -100
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Scenario-2 (SLR
+ Highest high
spring tide) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.55m
2000 0 0.010 0 0 0.009 0
2020 0 0.005 0.005 0.004 0.003 0
VGR 0 -50 500 400 -66.66 0
2.02m
2000 0.002 0.047 0.009 0 0.005 0.004
2020 0.003 0.010 0.152 0.001 0.002 0
VGR 50 -78.72 1588.88 100 -60 -100
2.61
2000 0.002 0.047 0.009 0 0.005 0.004
2020 0.003 0.010 0.053 0 0.001 0.002
VGR 50 -78.72 488.88 0 -80 -50
Scenario-3 (SLR
+ Storm surge) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.65m
2000 0.009 0.123 0.039 0.024 0.305 0.010
2020 0.016 0.015 0.152 0.144 0.174 0.005
VGR 77.77 -87.8 289.74 500 -42.95 -50
6.12m
2000 0.019 0.168 0.078 0.044 0.472 0.039
2020 0.030 0.031 0.220 0.209 0.292 0.025
VGR 57.89 -81.54 182.05 375 -38.13 -35.89
6.71m
2000 0.019 0.168 0.078 0.044 0.472 0.039
2020 0.030 0.031 0.220 0.209 0.292 0.025
VGR 57.89 -81.54 182.05 375 -38.13 -35.89
Scenario-4 (SLR
+ Spring tide +
Storm surge) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
6.05m
2000 0.019 0.168 0.078 0.044 0.472 0.039
2020 0.030 0.031 0.220 0.209 0.292 0.025
VGR 57.89 -81.54 182.05 375 -38.13 -35.89
6.52
2000 0.019 0.168 0.078 0.044 0.472 0.039
2020 0.030 0.031 0.220 0.209 0.292 0.025
VGR 57.89 -81.54 182.05 375 -38.13 -35.89
7.11m
2000 0.012 0154 | 0028 | 0046 | 0410 | 0.019
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2020 0.028 0.014 0.173 0.252 0.186 0.003
VGR 133.33 -90.9 517.85 447.82 -54.63 -84.21
Scenario-5
(Without SLR) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.1m
2000 0.009 0.123 0.039 0.024 0.305 0.010
2020 0.016 0.015 - 0.144 0.174 0.005
VGR 77.77 -87.18 -100 500 -42.95 -50
5.5m
2000 0.009 0.123 0.039 0.024 0.305 0.010
2020 0.016 0.015 - 0.144 0.174 0.005
VGR 77.77 -87.18 -100 500 -42.95 -50

Table-9.4 Amount of inundated area (in sq. km) and Vulnerability Growth Rate (in %) under
different sea level rise inundation scenarios, on the basis of 2000 and 2020 LULC settings in

Canacona
Scenario-1 Only
SLR Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.15m
2000 0.002 0.020 0.008 0.006 0.009 0.017
2020 0.018 0.001 0.017 0.019 0.003 0.003
VGR -
800 -95 112.5 216.66 66.66 -82.35
1.62m
2000 0.001 0.020 0.008 0.003 0.009 0.004
2020 0.014 0.001 0.017 0.010 0.003 -
VGR - 0
1300 -95 112.5 233.33 66.66
2.21Im
2000 0.004 0.078 0.018 0.005 0.013 0.014
2020 0.031 0.017 0.060 0.012 0.004 -
VGR 675 -78.2 233.33 140 -69.2 -100
Scenario-2 (SLR
+ Highest high
spring tide) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
1.55m
2000 0.002 0.020 0.008 0.006 0.009 0.017
2020 0.018 0.001 0.017 0.019 0.003 0.003
VGR -
800 -95 112.5 216.66 66.66 -82.35
2.02m
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2000 0.004 0.078 0.018 0.005 0.013 0.014
2020 0.031 0.017 0.060 0.012 0.004 -
VGR - -100
675 -78.2 235.33 140 69.23
2.61lm
2000 0.004 0.078 0.018 0.005 0.013 0.014
2020 0.031 0.017 0.060 0.012 0.004 -
VGR - 100
675 -78.2 233.33 140 69.23
Scenario-3 (SLR
+ Storm surge) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.65m
2000 0.228 0.328 0.157 0.653 0.139 0.376
2020 0.442 0.055 0.426 0.751 0.147 0.079
VGR 93.85 -83.23 171.33 15 5.75 -78.98
6.12m
2000 0.336 0.412 0.185 0.957 0.199 0.501
2020 0.647 0.063 0.531 1.100 0.184 0.093
VGR 92.55 -84.7 187.02 -88.5 -7.53 -81.43
6.71m
2000 0.336 0.412 0.185 0.957 0.199 0.501
2020 0.647 0.063 0.531 1.100 0.184 0.093
VGR 92.55 -84.70 187.02 14.94 -7.53 -81.43
Scenario-4 (SLR
+ Spring tide +
Storm surge) Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
6.05m
2000 0.336 0.412 0.185 0.957 0.199 0.501
2020 0.647 0.063 0.531 1.100 0.184 0.093
VGR 92.55 -84.17 187.02 14.94 -7.53 -81.43
6.52m
2000 0.336 0.412 0.185 0.957 0.199 0.501
2020 0.647 0.063 0.531 1.100 0.184 0.093
VGR 92.55 -84.17 187.02 14.94 -7.53 -81.43
7.11m
2000 0.598 0.572 0.392 1.832 0.487 0.806
2020 1.098 0.117 0.815 2.005 0.517 0.162
VGR 83.61 -79.54 107.9 9.4 6.16 -79.9
Scenario-5
(Without SLR) | Built Up | Water Bodies | Wetland | Agriculture | Forest | Barren Land
5.1m
2000 0.228 0.328 0.157 0.653 0.139 0.376
2020 0.442 0.055 0.426 0.751 0.147 0.079
VGR 93.85 -83.23 171.33 15 5.75 -78.79
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5.5m
2000 0.228 0.328 0.157 0.653 0.139 0.376
2020 0.442 0.055 0.426 0.751 0.147 0.079
VGR 93.85 -83.23 171.33 15 5.75 -78.79

9.3 Result Interpretation

Vulnerability Growth Rate (VGR) is simply the growth rate in the amount of a specific LULC
category between the current and preceding year. Therefore, it is to be understood here that, the
positive growth in the VGR is a concern only for the land use classes such as; built-up, agriculture,
barren land. But, on the other hand, negative growth in the land cover classes such as; forest, water
bodies and wetland is a concern. Because in this case, coastal vulnerability would increase when
the land cover classes would get reduced. Thus, in other words, increasing VGR is a threat to the
land-use categories and decreasing VGR is a threat to land cover category.

o Sea Level Rise Inundation Assessment - Marmugao

* Scenario-1 (Only SLR)
Under all three inundation depths (1.15 m, 1.62 m & 2.11 m), there is an increase in the Built Up,
indicating urbanization and population growth. This trend suggests that more land is being
converted for Built-up purposes, which could get effected in the event of coastal flooding up to
2.21 melevation. The agriculture shows an increasing trend across scenarios which could indicate
potentially increased demand for vegetables and rice. The forests cover also indicates an increase
across all scenarios, suggesting conservation initiatives. The Barren Land shows reduction across
scenarios possibly due to land development. We found consistent patterns in vulnerability changes.
In terms of VGR, Built-Up and Agriculture consistently experience high VGR, while Water
Bodies, barren land and wetland show a decreasing trend which clearly suggests encroachment
due to human activities. Among all the classes, only the forest increment is a silver lining in
reducing the VGR.

* Scenario-2 (SLR + Highest High Spring Tide)

Across all scenarios (1.55 m, 2.02 m & 2.61 m), an increment in built-up is found, indicating urban
expansion and development. Similarly, across all scenarios, agricultural land has increased. This
suggests agricultural expansion driven by changes in land use practices due to improving economic
factors. The forest area has been found to be generally increased across all scenarios, indicating
afforestation efforts or natural re-growth in certain areas. Reduction in the area of water bodies in
found under all the inundation scenarios. This could be due to land reclamation for increasing
demand of land resources. Likewise, the VGR exhibits an increasing trend mainly in human-
influenced land use.

* Scenario-3 (SLR + Storm Surge)
In all three scenarios (5.65 m, 6.12 m, and 6.71 m), there is a consistent trend of increasing built-
up areas between the years 2000 and 2020 suggesting rapid urbanization in Mormugao. While,
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reduction in both Water Bodies and Wetland has been found across all three scenarios, pointing
towards challenges related to wetland conservation. The forest category has shown an increase
across the three scenarios. The agriculture and barren land exhibit smaller changes compared to
other land use categories.

* Scenario-4 (SLR + Spring tide + Storm surge)

In all cases (6.05 m, 6.52 m, 7.11 m), the vulnerability of built-up areas has increased significantly.
The growth rate of vulnerability is consistently increasing across the different scenarios. Water
bodies, wetlands and Barren land have generally shown a decrease in growth across the different
scenarios, indicating reduction in above mentioned categories due to anthropogenic factors. The
agricultural land vulnerability has increased, but the rates of increase vary between the different
scenarios. The forest areas which are situated on elevated regions consistently show a significant
decrease in the VGR.

* Scenario-5 (Without SLR)

Across both scenarios (5.1 and 5.5 m) the amount of inundation area is found to be similar. The
built-up areas have expanded from 2000 to 2020. Water bodies and wetland areas have decreased,
suggesting urbanization or land use changes behind the reduction of these ecologically valuable
areas. Agricultural land area seems relatively stable between 2000 and 2020, with minor changes.
However, there is a positive VGR. The forest areas have experienced a significant decrease in the
VGR, while barren land areas have seen an increase in the VGR. This suggests potential changes
in land management.

Despite variations in land use categories, there is a consistent trend of increased vulnerability for
Built-up areas, Water bodies, and Wetlands. This point directly to increasing human influence
impacting these categories.

o Sea Level Rise Inundation Assessment - Salcete

* Scenario-1 (Only SLR)
In all scenarios (1.15m, 1.62m & 2.11m), there is a consistent increase in built-up from 2000 to
2020. This indicates ongoing urbanization and development in the Salcete. The agricultural land
also shows a general trend of growth in all scenarios also suggesting that agriculture is expanding
in the region over time, possibly due to changes in land use practices. The VGR for vegetation is
consistently negative across all scenarios which implies that the vegetation cover has significantly
declined over time, possibly due deforestation, land degradation and land-use change. Water
bodies and wetland areas has also shown reduction across the different scenarios however, these
categories have not seen dramatic shifts over the years. Barren land, similar to Built-up areas,
shows an increase in all scenarios. This could indicate disturbances or changes in land conditions
that have led to the expansion of barren land.

* Scenario-2 (SLR + Highest High Spring Tide)
All scenarios (1.55m, 2.02m and 2.61m) have experienced increment in built-up between 2000
and 2020. In two out of three scenarios (2.02 and 2.61 m), there was a decrease in Water body
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areas but not in lowest inundation scenario. This decline could be due land reclamation. In all three
scenarios, Wetland areas have exhibited increment indicating efforts towards wetland conservation
or natural expansion of these areas. The agriculture areas have shown mixed trends. While the
agriculture decreased in 1.55 m scenario, it shows an increasing trend in 2.02 m and 2.61 m
scenarios suggesting changing agricultural practices and responses to changing land use patterns.
Significant decrease found in forest areas across the scenarios, indicating deforestation due to
agricultural expansion, logging, or land clearing. The vulnerability growth rates showed variations,
but generally, Built Up and Agriculture have been positive over time.

* Scenario-3 (SLR + Storm surge)

Across all three time periods (5.65m, 6.12m, and 6.71m), there is a consistent trend of an increase
in "Built Up" areas and a common trend of decreased water bodies and wetland between 2000 and
2020 in the first scenarios, potentially due to human activities and changes in land use. Agriculture
shows some variation, there is an increment in the first two scenarios followed by a slight decrease
in the third scenario reflecting changing agricultural practices and land use priorities. Contrary to
Agriculture, the Forest class show a decline in the first two scenarios a slight increase under third
scenario. This suggests potential efforts towards reforestation or conservation at slightly higher
elevations.

* Scenario-4 (SLR + Spring tide + Storm surge)
The Built-up increased over the years in all scenarios (6.05m, 6.52m, and 7.11m). The VGR for
built-up areas are significantly positive, indicating a higher vulnerability. Water bodies and Forest
area generally showed a decline over time under scenarios 6.05m and 6.52m, but the area increased
under scenario of 7.11m and so inversely its VGR. On the contrary, Wetland increased under
scenarios 6.05m and 7.11m, but showed a slight decrease under scenario 6.52m.
Agricultural land has increased under all the scenarios, showing a trend of expansion and so as its
VGR. While Barren land area decreased over time under all scenarios.

* Scenario-5 (Without SLR)
In both scenarios (5.1m and 5.5m) the results have been found to be similar, the percentage of
built-up land (urban areas) increased significantly from 2000 to 2020. This suggests a common
trend of urban expansion over the years. The amount of water bodies decreased, which could be
due to urbanization and pollution. Increment in the amount of agricultural land suggesting
agricultural activities expanded over the years, driven by population growth. Both scenarios show
a decrease in forest and barren land, suggesting deforestation and urbanization. The VGR for each
land use category show that built-up areas, wetlands, and agricultural lands became more
vulnerable in both scenarios. This could be due to potential degradation and increasing human
influence at his elevation.

o Sea Level Rise Inundation Assessment - Quepem

* Scenario-1 Only SLR
Scenario 1.15m and 1.62m are found to be completely similar with reduction in water bodies and
vegetation and increment in agriculture and wetland, clearly indicating human impact in the area.
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Although no built-up has been developed between 2000 and 2020, not even under scenario 2.21m
and barren land found to be similar under all scenarios. However, there is a decrease in water
bodies and increment in wetland, agriculture, forest land cover categories under 2.21m scenario.

* Scenario-2 (SLR + Highest High Spring Tide)
1.55m scenario has been found to be similar to 1.15m and 1.62m scenarios discussed in the above
section. However, under scenarios 2.02m and 2.61m Built-up land increased by 50% from 2000
to 2020. This suggests a common trend of urbanization. We find a reduction in Water Bodies area
and proportion by approximately 78.72% is found. Barren land decreased by 50% under the
scenario 2.61m but no changes found under 2.02m scenario. The Agriculture area has remained
constant under both the scenarios

* Scenario-3 (SLR + Storm Surge)
Under 5.65m, 6.12m and 6.71m scenarios, the proportion of built-up has increased and also the
VGR with the highest increase in vulnerability under the 5.65m scenario, which suggest increment
in built-up areas below 5.65m elevation. However, water bodies and barren land and forest
decreased in all three scenarios and so as their VGR. While, the proportion of wetland and
agriculture has increased significantly under all conditions from 2000 to 2020.

* Scenario-4 (SLR + Spring tide + Storm surge)
In all three scenarios 6.05m, 6.52m and 7.11m, an increase in the proportion of Built Up and
agriculture cover from 2000 to 2020 suggesting development, driven by factors population growth
and infrastructure expansion. While reduction in water bodies and forest is observed across all
three scenarios but the wetland proportion has increased.

* Scenario-5 (Without SLR)
Under both scenarios (5.1m and 5.5m), an increase in Built Up areas and significant increment in
agriculture is observed, indicating urbanization and population growth in the region. While, a
significant decrease in water bodies, wetland, forest and barren land have been observed under
both the scenarios, clearly indicating significant increment in VGR in all the land use.

o Sea Level Rise Inundation Assessment - Canacona

* Scenario-1 Only SLR
Built up areas have increased under all three inundation scenarios (1.15m, 1.62mm, and 2.2m),
indicating growth in urbanization and development. Water bodies have increased in 1.15m
indicating land reclamation and slightly increased under the 1.62m to 2.21m scenarios. The overall
trends of wetland suggest an increase in wetland under 1.62m to 2.21m scenarios. While there is
a notable increase in forest and barren land VGR under 1.15m and 1.62m scenarios but a slight
decrease under 2.21m scenario, suggesting afforestation. However, the amount of LULC getting
affected by these plausible inundation scenarios is negligible, as Canacona is predominantly hilly.

* Scenario-2 (SLR + Highest High Spring Tide)
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In terms of VGR, Built-up, wetland areas have increased from 2000 to 2020 in all three cases (1.55m,
2.02m, and 2.61m). Under 1.55m scenario, small decrease in water bodies, while in the 2.02m and 2.61m
scenario it has increased. There is an increase in agriculture in the 1.55m and 2.61m scenarios but a
decrease in the 2.02m scenario. While forest have increased VGR in the 1.55m and 2.61m scenarios but
decreased slightly in the 2.02m scenario and barren land stayed relatively constant. However, the amount
of LULC getting affected by these plausible inundation scenarios is negligible, as Canacona is
predominantly hilly.

* Scenario-3 (SLR + Storm surge)

In terms of VGR, across all scenarios (5.65m, 6.12m, and 6.71m), there is a significant growth in built-up
areas. Both Water Bodies and Barren Land areas show consistent reduction in their extents which could
be attributed to urban expansion, resulting in decreased natural and open areas. Wetland have
consistently shown an increase in extent over time. Agriculture have generally increased in extent across
the years, with varying vulnerability growth rates. Forest have exhibited mixed trends with both positive
and negative changes in extent, indicating fluctuations in natural vegetation cover however. However,
the amount of LULC getting affected by these plausible inundation scenarios is negligible, as Canacona is
predominantly hilly.

* Scenario-4 (SLR + Spring Tide + Storm Surge)
In terms of VGR, under all three scenarios (6.05m, 6.52m, and 7.11m) increasing built up and agriculture
is observed suggesting urban development and population growth have been a major driving force across
the years. Water bodies and Barren and have decreased significantly. Wetland areas have experienced
increment over the years. The VGR of Barren Land has consistently increased over the years, suggesting
conversion of land use. However, the amount of LULC getting affected by these plausible inundation
scenarios is negligible, as Canacona is predominantly hilly.

* Scenario-5 (Without SLR)
In terms of VGR, in both scenarios follows somewhat similar patterns across land use categories. However,
the amount of LULC getting affected by these plausible inundation scenarios is negligible, as Canacona is
predominantly hilly.

169



Chapter -10

Coastal Vulnerability Index

10.1 Background: Climate Change and Coastal Vulnerability: A Multifaceted Analysis

Climate change, driven by escalating greenhouse gas emissions, poses a substantial global
challenge with far-reaching consequences. The rise in greenhouse gases contributes to higher sea
surface temperatures (SST), sea-level rise (SLR), and alterations in ocean currents, adversely
impacting coastal regions and augmenting their vulnerability (Oppenheimer et al., 2010). The
augmented risk of storm surges linked to tropical cyclones, intensified by warmer SSTs, could
lead to severe consequences for coastal areas, compounding the existing challenges posed by
higher sea levels (Knutson et al., 2010). These potential scenarios further amplify the vulnerability
of low-lying coastal areas (Oppenheimer et al., 2010).

In September 2019, the Intergovernmental Panel on Climate Change (IPCC) projected a global
SLR between 61 cm and 1.1 m by A.D. 2100, marking a 10 cm increase from the 2013 IPCC report
(Oppenheimer et al., 2019). While these estimates are considered conservative, they underscore
the growing threat to coastal regions. Concurrently, rapid urbanization, particularly in developing
countries, adds another layer of complexity. Approximately 40% of the global population now
resides in coastal areas, with projections indicating greater population growth in these regions than
inland locations (United Nations, 2017; Neumann et al., 2015).

The state of Goa, renowned for its beaches, has witnessed a surge in urbanization, with the urban
population increasing from 49% to 62% in the decade leading to the 2011 census (Census, 2011).
This trend is mirrored in the coastal tracts of South Goa, fueled by tourism and developmental
pressures along the coastline. The interplay between sea level rise and storm surge heightens the
vulnerability of coastal regions, particularly those with sandy beaches, estuaries, and floodplains,
housing valuable recreational and ecological assets (IPCC, 2014).

Current vulnerability assessments often lack spatial resolution, relying on administrative units like
talukas and failing to capture the complexity of diverse coastal environments. This doctoral work
addresses this gap by proposing modifications to the Coastal Vulnerability Index (CVI)
methodology. The goal is to enable village-level vulnerability assessments, allowing for a more
granular understanding of coastal vulnerability. By aggregating village CVI scores, taluka, and
district-level vulnerability can also be determined.

Additionally, the doctoral work adopts a holistic approach, considering a comprehensive set of
variables. Unlike traditional CVI assessments that focus mainly on physical and geological
parameters, this work incorporates 10 such parameters alongside 11 socio-economic variables,
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recognizing the intricate interplay between different factors in influencing coastal vulnerability
(Nigam et al., 2023, in press). This comprehensive analysis aims to contribute valuable insights
for local adaptation efforts in the face of coastal hazards and long-term climatic changes.

10.2 Results

Table-10.1 Village-wise scores of Coastal Vulnerability Index (CVI), Social Vulnerability Index
(SoVI) and Physical Vulnerability Index (PVI). Scores visually denoted by color coding: Green
(<10) (Low level of vulnerability), Yellow (10-20) (Moderate level of vulnerability) and Red
(>20) (High level of vulnerability).

Marmugao
Village
Vasco da Gama
Chicolna
Issorcim
Sancoale
Pale

Velsao
Cansaulim
Arrosim
Utorda
Majorda
Marmugao

Salcete
Village
Gonsua
Betalbatim
Colva
Sernabatim
Benaulim
Varca
Cavellosim
Cortalim
Quellosim
Verna
Loutolim
Camorlim
Rachol
Raia
Curtorim
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Macasana

Chandor

Salcete

Coastal Salcete
Riverine Salcete
Quepem

Village
Curchorem
Quitol
Naquerim
Quepem
Coastal Quepem
Riverine
Quepem
Canacona

Cola
Agonda
Nagarcem-
Chaudi
Poinguinim
Loliem
Canacona

Village SoVI PVI CVI1
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Fig 10.1 Clustered bar graph showing the CVI, PVI and SoVI score of each of the taluka(s) in

the study area.
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Fig 10.2 Clustered bar graph showing the difference between the CVI, PVI and SoVI scores of
Riverine Salcete and Coastal Salcete regions.
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Fig 10.3 Clustered bar graph showing the difference between the CVI, PVI and SoVI scores of
Riverine Quepem and Coastal Quepem regions.

10.3 Result Interpretation

o Marmugao

* In terms of SoVI, Chicolna, Vasco da Gama and Sancoale, located on the Marmugao
headland have been found to have highest SoVI, while Pale, Velsao and Issorcim have
moderate level of social vulnerability. Cansaulim, Arrosim, Utorda and Majorda, all
located in along the linear coast of Marmugao have been found to be low on social
vulnerability.

¢ Interms of PVI, only Sancoale was found to have low physical vulnerability. While Vasco
da Gama, Assorcim, Utorda, Pale have moderate physical vulnerability. Cansaulim, Velsao

and Arrosim have been categorized under high physical vulnerability, according to the
results.
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In terms of CVI, all the villages in Marmugao taluka have been found to have high CVI
scores. Consequently, Marmugao CVI is 30.6 (Table-10.1 & Fig.-10.1).

Salcete

Social vulnerability in Salcete taluka have been found under low SoVI category for all the
villages except for Colva, Benaulim, Betalbatim, Cavellosim and Quellosim. These five
taluka have high concentration of settled and tourist population. Cumulative SoVI in whole
taluka and the riverine belt is under low category while in coastal belt its in moderate
category.

Physical vulnerability in Salcete taluka have been found to be low only in Macasana.
Moderate in Gonsua, Betalbatim, Sernabatim, Benaulim, Varca, Cavellosim and also along
the bank of Zuari river, Cortalim, Verna, Raia, Curtorim, Chandor, Camorlim, Chandor,
Rachol. High PVI values have been found in Colva (estuary on the beach), Quellosim (low
lying) and Loutalim (Khazan lands) being the primary reasons. Cumulative PVI in whole
taluka and the riverine belt and in coastal belt is found to be in moderate category.
Coastal Vulnerability in Salcete taluka has been found to be in high category from Gonsua
in the north to Cavellosim in the south, along the Arabian coast and also in the low lying
villages of Rachol, Camorlim and Loutilim. While the other villages, Verna, Raia,
Curtorim, Macasana and Chandor have been found to be under moderate CVI category.
Consequently, cumulative CVI in whole taluka, riverine belt and in coastal belt is found to
be in moderate category (Table-10.1, Fig. 10.1 & 10.2).

Quepem

SoVI in Quepem taluka has been found to be under low category for all three villages and
coastal Quepem region.

However, the PVI is high in Curchorem and low in Quitol and Naquerim (along the coast)
and moderate in Quepem.

In terms of CVI, Curchorem, Quepem taluka and Riverine Quepem have been found to be
under high CVI category (Table-10.1, Fig. 10.1 & 10.3).

Canacona

SoVI in Canacona taluka has been found to be low in Cola, Poinguinim and Loliem and
high in Agonda and Nagercem-Chaudi, both of which are predominantly visited by tourists
along with substantial infrastructural development. However, the SoVI for Canacona is
under moderate category.

Physical vulnerability in Canacona has been found to be under low category in Agonda,
Nagercem-Chaudi and Loliem while in Cola, Poinguinim and Canacona taluka are under
moderate PVI category.
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* The CVI has been found to be under high category in the villages of Cola, Agonda,
Nagercem-Chaudi and Poinguinim and also in Canacona taluka while the CVI is low in
Loliem due to its location on the top of the cliff (Table-10.1 & Fig. 10.1).
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Chapter-11

Discussion and Synthesis

11.1 Multi-Temporal Climate Trend Analysis

The goal of the current study was to identify the multi-temporal trends of the diurnal temperature
range in the coastal tracts of South Goa district between 1981 and 2020, as well as the influence
of other meteorological factors on the DTR, such as rainfall, temperature, land surface
temperature, cloud cover, and cloud amount (See Chapter-4).

The study made use of the NASA POWER database, which are capable of reliably forecasting the
majority of weather variables. NASA POWER's raw measurements of high and low temperatures
and solar radiation are reliable and consistent (Rodriguez and Braga, 2021). Italian researchers
Negm and others., Bai and others, in China and Monteiro et al. in Brazil made similar findings for
different climatic variables. Similar findings were published by White et al. for the continental
United States and Aboelkhair et al. for Egypt. Both groups concluded that NASA POWER datasets
can reliably predict maximum and minimum temperatures.

The current work has demonstrated using the NASA POWER records, that there is a direct
relationship between several climatic variables that affect one another at a specific location and
time. The findings show that soil surface moisture is substantially influenced by rainfall, which is
influenced by cloud cover, affecting Tmax, Tmin, DTR, and LST in the research area. Tpmax and Tuin,
on the other hand, have a significant impact on the DTR and LST. DTR, LST, and soil surface
moisture are thus strongly influenced by tidal temperature, precipitation, and cloud cover (Fig.-
4.4).

Climatic trends are continuous and subtle, covering a larger area with homogenous climatic
characteristics. Hence, coastal climate is primarily influenced by the marine phenomena such as
wind, currents and sea surface temperature. (Chiyyadri, 2021) which does not usually show stark
differences in diurnal temperatures due to the influence of large water body.

11.1.1 Long-Term (1981-2020)

The current study has found increases in rainfall, Ty and Tmin, LST, cloud amount, and soil
surface wetness throughout the 40 years between 1981 and 2020, except DTR, which did not show
any trend because both Tp,x and Tmin are showing positive trend over this period, indicating that
the difference between them is not changing (Table-4.2 & Fig.-4.1).

However, an increase in the Arabian Sea's sea surface temperature substantially impacts changes
in rainfall, temperature, and cloud cover. Since 1980, the SST has increased significantly
(Murakami et al., 2017). Since mid-1990s, warming rate has accelerated (from 7.7 milli-
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degrees/year to 13.4 milli-degrees/year) (Kumar et al., 2009). In the deeper ocean layers, which
are known as the ocean heat content, warming is also observed in addition to the upper layers.
2009 (Kumar et al.). The elevated SST impacts the length, frequency, and intensity of cyclones
and storms in the Arabian Sea. The frequency and strength of cyclones and storms over the Arabian
Sea have increased significantly between 1982 and 2019. In particular, "4 52% increase in
cyclonic storm frequency, an 80% increase in cyclonic storm duration, and an increase in cyclonic
storm severity of roughly 20% in the pre-monsoon period and 40% post-monsoon" (Deshpande et
al., 2021). Arabian Sea cyclones are strengthening as the SST and ocean heat content rise (Kumar
et al., 2009).

Due to the intensity and increased frequency of cyclones, more clouds are forming, which
eventually move to the Indian west coast during the southwest monsoon and provide heavy rain
along the coastal area. Due to the increase in rainfall over the past few decades, this phenomenon
is no longer just limited to the monsoon season. Additionally, increased cloud formation
contributes to increased rainfall and soil surface moisture by contributing to increased cloud
formation.

Additionally, it is impossible to deny human effect on shifting climatic patterns given the research
area's rapid anthropogenic development. Coastal tracts of South Goa are a popular tourist
destination with a significant influx of visitors and migrants, especially after the turn of the
century. As a result, the coastal areas have seen haphazard tourism infrastructure construction.
Furthermore, Goa is the most urbanised state in India, with 62.8% of its residents living in urban
areas (Business Goa, 2018). Over the past two decades, this has altered the state's land-use pattern
by turning forest and agricultural regions into built-up areas. These anthropogenic landscape
modifications justify the recent upward Trends in LST.

11.1.2 Short Term (1981-1999)

Only Tmax and DTR have showed positive trends throughout the short-term (1981-2020)
timeframe, whereas all other climatic indicators have not (Table-4.3 & Fig.-4.2). The explanation
for the positive trend in DTR is the rapid increase in Ty, during this period compared to Tpin,
which increased the range between diurnal T and Tmin. The most significant reason for the
remaining climatic variables showing no trends, on the other hand, is that this 20-year period
marked the beginning of changes in meteorological processes in the Arabian Sea (Murakami et
al., 2017) and anthropic driven pressure in the research area.

On the other hand, the bigger picture is imperative to be understood to find out the climate trends
of the coastal tracts of South Goa, which is a subset of Goa state. The anthropogenic pressure had
begun to build up in the state of Goa by this time. The population of Goa state was 10,07,749 in
1981, but it increased by 33.7% to 13,47,668 in 2001. (Census of India, 2001). The tourism growth
rate increased during the 1990s (Achrekar, 2019). The number of tourists arriving in 1981
(7,75,000), 1990 (8,81,000), 1995 (11,08,000), and 2000 (12,69,000) increased at a five-year
growth rate of 13.67%, 25.76%, and 14.53%, respectively (Bremmer and Beech, 2004). Goa had
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281 hotels and lodges in 1988, which climbed to 400 in 1994 and 436 in 1996. Approximately
77% of local and 95% of foreign tourists stayed in coastal locations (Kamat, 2003).

The statistics described above show that the local population, tourist population, and tourism
infrastructure had little impact in Goa state till this period, because the tourism industry was just
being established at the time. This suggests that throughout this time, the physical process of the
Arabian sea warming and the anthropogenic pressure on the study area had begun to evolve, which
explains the lack of trends in rainfall, Ty, LST, cloud quantity, and soil surface wetness. The
increase in temperature is the first change in a region's weather that happens when changes in the
climatic system begin to take place, therefore the upward trend in T,k can indeed be linked to
changes in these physical and anthropogenic processes, even though they were still in the early
stages. This time frame can be referred to as "the consolidation phase" of changing climatic and
anthropogenic processes in the research area.

11.1.3 Short-term recent (2000-2020)

Since the turn of the millennium, the state of Goa has witnessed drastic increments in infrastructure
development, tourism activities, vehicular traffic and migrant population (Business Goa, 2018).

The rapid expansion of tourism operations in the state has resulted in an expansion of other socio-
economic and demographic aspects. Unprecedented rise in tourism happened during this period
due to an increase in domestic tourists' disposable income, improved accessibility (Airport
expansion, Konkan trains were operational), and according to Bremmer and Beech (2004), Goa's
clean beaches and western lifestyle drew millions of tourists each year. Goa received 12,69,000
tourists in 2000, which increased to 23,00,000 in 2005 (81.24% increase). The following decade
saw exceptional tourist growth, such as in 2010 (25,41,00), 2015 (53,00,000), and 2019 (Pre-
COVID 80,00,000) (Govt. of Goa, 2021)., with five-year growth rates of 14.82%, 100.68%, and
50.94%, respectively.

Hosting an ever-increasing population in this compact coastal tract was never intended, resulting
in an exponential rise of lodging infrastructure. This was accomplished by turning vast agricultural
and wetland sections into built-up areas for developing tourism infrastructure (See Chapter-4).

According to Achrekar, 2018 "Due to tourism and rapid urbanisation, there has been a
tremendous pressure to convert land for non-agricultural use. As a result, land available for
cultivation has declined hence the same limited cultivated land is used for sowing more than once”".
The land unavailable for cultivation has almost doubled from 5.5% in 1961 to 10.28 in 2013-14
(Achrekar, 2018).

In 2015, there were 3358 hotels, an increase of 55.75 % since 2005, when there were 2156 total
hotels, nearly a 10-fold increase since 1987. It is important to note that the informal hospitality
industry has grown rapidly in addition to the emergence of hotels of the finest quality (Achrekar,
2018). These establishments are now the primary forces behind the haphazard development and
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concretisation in regions like the Baga-Candolim belt, North Goa, Palolem-Patnem and South Goa,
which has also contributed to a significant rise in the amount of traffic in the state.

Tourism has also contributed to a general increase in the cost of living for the local inhabitants.
Based on the fluctuations in the Consumer Price Index (CPI) for urban white collared employees,
with 1982 as the base year index, the CPI for middle class workers was 245 in 1991-92, 554 in
2004-05, and 1182 in 2014-15. (Government of Goa, 2015). This resulted in locals migrating from
the tourist belt to the hinterland regions, resulting in deforestation and conversion of agricultural
fields to built-up hinterland areas. As a result of uncontrolled infrastructure development during
the previous two decades, Goa has seen an extraordinary increase in land-use conversion,
urbanisation, vehicular traffic, and concretisation, demonstrating conclusively the upward trend in
LST during the 2000-2020 period. Increased LST, together with increased pollution from
vehicular traffic and related tourism and mining operations in the state, promotes a positive trend
in Thax (Table-4.4 & Fig.-4.3).

On the other hand, the Arabian Sea has experienced an increase in cyclonic activity during the past
ten years, and as a result, cyclones have started to occur more frequently, annually, indicating a
change in pattern. The primary evidence of a sharp increase in cyclone activity in the Arabian Sea
is provided by Nilofar (2014), Chapala and Megh (2015), Vayu (2019), Nisarga (2020), and
Tautkae in 2021 (Dasgupta, 2021). The current analysis also discovered that, between 1982 and
2020, there were 13 years (33%) with above-average rainfall per day (>18mm/day), and 11 of the
13 occurrences (84.61%) happened within the previous 14 years (Fig.-11.1). The amount of
rainfall increases when cyclone frequency increases (EPA, 2017).
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Fig-11.1 Rainfall/day (in mm) during monsoon period (June-September) between 1982-2020.
(Source: NASA POWER)

As a result, the increase in SST in the Arabian Sea has increased the frequency of cyclones
(Murakami et al., 2017), which is the leading cause of the positive trends in rainfall, cloud amount,
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and the resultant soil surface wetness, as well as Tin (due to greenhouse effect from copious
quantities of cloud cover during monsoon), over the past 20 years.

11.2 Multi-Temporal Land Use Land Cover Assessment

This multi-temporal assessment has been carried out to delineate the decadal changes in LULC
pattern using satellite data. Modern strategies for managing natural resources and tracking
environmental changes rely heavily on changing land use and cover (Masroor, 2013; Ashbindu,
1989). Socioeconomic factors, such as land policy, property rights, institutions, population
migration, urbanization, other economic activities, have a significant impact on land-use change.
As a result, research in the field of LULC favors a holistic viewpoint and calls for an
interdisciplinary approach. Any research on LULC must have a thorough grasp of the causes of
land-use or land-cover changes.

The increase in the build-up area in all the four talukas has been at the cost of agricultural land or
water bodies/wetland encroachment (Table-5.1 & Fig.-5.1). This is expected given the fact the
Goa in a tourist destination and more and more people invest in constructions which has higher
price tag compared to the agricultural produce.

The loss in vegetation is also due to converting the land to settlement by vested interest. The loss
in vegetation is remarkable in talukas where the land gradient is low. For example, the loss in
vegetative areas in Quepem and Canacona (Table 5.1 (¢) & (d)) & (Table-5.3) were minimum
during the four decade compared to Mormugao and Salcete (Table 5.1 (a) & (b)) & (Table-5.3).
The government acquires agriculture lands at lower rates to use them for development for roads,
structures and other facilities for citizens which is the root cause for dropping percentage of
agriculture land. Most of the localities in Salcete are hosting commercial activities so the pressure
on agriculture land is more.

Wetland and water bodies form an important part of the ecosystem that supports fresh water life
and also provides employment to people involved in pisciulture, salt farming, etc. A decrease in
the area by more than 60% in area occupied by water bodies in Mormugao and Quepem during
2011 to 2020 is alarming (Table 5.1 (a) & (c)) & (Fig.-5.2). Likewise, decrease in area of wetland
by more than 50% in the aforementioned talukas during the same period is a matter of concern.
Most of the wetland and water bodies are encroached by weeds. Weeds are unwanted aquatic
plants of uncontrolled growth which generate gases like H,Sos and CH,4 that pose threat to the
productive potential of the aquatic body.

Canacona is a global tourist destination which is visited by 77,041 tourists (total population of
taluka 45,172). The coastline of Canacona is known for stunning, breath-taking and spectacular
coastal landforms and beaches. The vegetation areas showing no change in the Canacona taluka
are due to the presence of wildlife sanctuaries such as Cotigao wildlife Sanctuary which are under
protection under wild life act. The increase in the buildup area at an average rate of 11% and

180



decrease in barren land in 2011-2020 (Table-5.1(d)) & (Fig.-5.2) is attributed to increase in
guesthouses, small hotels to accommodate tourists and making provisions for parking of vehicles,
respectively. Likewise, beautiful beaches like Colva, Sernabatim, Velsao, along the coastal tracks
of Salcete are home to millions of tourists, so the buildup areas have increased exponentially.

11.3 Anthropogeomorphic Impact Assessment
11.3.1 Variables of the Nigam-Kotha model of AGI@E

Many alternative methodologies have been proposed to quantify the AGP impact, but none appear
to provide comprehensive data. Although Nir's index of Anthropic stress has been identified as the
most useful model for dealing with the problem (Rozsa, 2007), it also has some flaws that are
discussed in the preceding section.

According to Rozsa (2007), the potential influence of AGP on the ecosystem and the earth's
surface is decided by technological advancement and population expansion. In other words, as the
population grows, more land resources are required to meet its demands (e.g. farmland for
agriculture, mining for industrial development, grazing land and suitable land for habitat
development). As a result, an increase in ecumene expansion results in a direct modification of
geomorphology.

In order to determine the ecumene expansion, geospatial approaches are the most efficient way
since they can offer multi-temporal changes in an ecumene at different spatial resolutions.
However, determining the geomorphic impact of ecumene expansion is outside the limits of
geospatial technology; so, this novel model has been proposed to assess the influence of ecumene
on geomorphology, which uses remote sensing to calculate the ratio of ecumene to natural habitat.

The novel model has incorporated a total of ten parameters. Four corresponds to the “Anthropic
Stress” which are further divided into two; “Amount of Anthropic Pressure” (Ecumene In %,
Population Density in Ecumene) and “Amount Of Lack Of Perception” (Illiteracy in %, Population
Below Poverty Line in %). On the other hand, remaining six parameters indicates
“Geomorphological Susceptibility” to modification by defining the “Degree of Deformation
Susceptibility” which also comprises of two different sub-parts; Geomorphic setting (Rock
Constant, Slope Constant and Rain & Sun Aspects) and “Erosive Susceptibility” (climate and
hazard). Rationale behind incorporating all these ten parameters in the model is provided in
(Supplementary table-1, in Appendices) and each of the parameters have been discussed below:

e Ecumene

The term is derived from an ancient Greek word "oecumene" which referred to the known world
or the habitable world. In modern times ecumene refers to any inhabited land or “the area under
human influence” (Jefferson, 1934). As Jefferson argued “Egypt for instance, is most densely
populated. It has over a thousand people per square mile. But a square mile of what? Not desert,
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off course, but irrigable land by the Nile. Egypt’s fourteen million people on her area of 386,000
square miles amounts to less than forty people to the mile, say ten families. That is not the right
picture of Egypt. The desert is not Egypt. It merely belongs to Egypt. The people are crowded on
the delta and flood-plain. That is all we should count. It is Egypt’s ecumene. The contrast between
desert and ecumene is sharp” (Jefterson, 1934). Therefore, in context of the AGP, Direct Human
influence upon geomorphology only takes place when an uninhabited land area comes under the
usage of anthropogenic activities such as; settlement, agriculture, terrestrial transportation
network. This causes land transformation as per the land use modification intensity.

As a result, in the context of the AGP, human influence on geomorphology occurs only when an
uninhabited wilderness region is subjected to anthropogenic activities such as settlement,
agriculture, and terrestrial transportation networks. This results in land transformation based on
the intensity of land use alteration. The direct impact of anthropogeomorphic processes is visible
only in the ecumene region, not in the non-ecumene region, because the absence of human
activities leads to the absence of an ecumene; thus, absence of ecumene leads to no direct AGP
impact, and indirect or cascading effects of AGP in non-ecumene area is beyond the scope of this
model. (Refer to Appendix section, Supplementary Table-1 & Table-2 to read about the rationale
behind each variables and impact of different land-use and human activities on geomorphology
respectively).

* Population density

Human population growth puts more strain on the land (Garg, 2017), because humans need land
resources to survive. The model incorporates this variable based on this simple reasoning since the
higher the human density, the greater the strain on landforms, processes, and limited terrestrial
resources. Furthermore, rather than incorporating the crude value of population density of an
administrative area, the model has used a novel concept of 'ecumene population density' because
the population density of a whole administrative unit (sub-district, district, or state) may be
insignificant in terms of the pressure exerted by human population on the concerned land. An
administrative unit can also have areas that are unaffected by human activities; therefore, only the
ecumene zone is the part of an administrative unit where the population resides and exerts pressure
on the land, and this is where the AGP operates.

* Illiteracy

Illiteracy indicates a lack of education, which is required to build a public perspective in order to
use limited land resources in a sustainable manner (Nir, 1983). Illiteracy is a crucial factor in
reducing the influence of AGP in a community. To begin with, an illiterate individual or society
would struggle to comprehend the concepts of sustainable use of available resources and
sustainable growth (Marope, 2017). Lack of understanding would result in an intentional or
unintentional increase in the AGP impact. Furthermore, illiteracy promotes a lack of perception
(Nir, 1983; Vagvolgyi et al., 2017), which may impede mitigation of the AGP's already detrimental
consequences.
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* Population Below Poverty Line
The population living below the poverty line is commonly defined as a segment of society that
lacks the bare necessities (financial and materialistic) to sustain a decent standard of living. It
becomes a major determinant in limiting the AGP consequences since it stimulates over-
exploitation of resources (such as land & water) to meet requirements and discourages the use of
resources in a sustainable manner wherever possible (Khan et al., 2022).

*  Rock type

Rock is the parent element that forms a landform. Thus, rock erodibility defines how stable or
fragile a landform is against the operating processes. Varying rocks (hard rock and soft rock) have
different ability to withstand erosion caused by geomorphic processes (Duszyski et al., 2022). The
rock building substance influences rock erodibility. The idea behind including this variable is that
if the erodibility of the rock is high, it will be eroded faster, causing the landform to deteriorate
faster. If the AGP is operating on a landform with a high erodibility rate, the AGP's influence will
be significantly greater than on low erodibility rock formations.

* Slope

The gradient between the highest and lowest point at a given position on the surface is referred to
as slope (steepness) (Saunders and Young, 1983). The lower the degree of steepness, the better for
anthropogenic operations since it provides stability against gravitational force, whereas the higher
the degree of slope, the more prone to landslides (Haijun et al., 2018). As a consequence, there is
more erosion. The slope is included in the model because the higher the degree of slope of an
ecumene, the higher the AGP pressure because less force is necessary to initiate the erosion. As a
result, the magnitude of landform modifications would be larger as well as detrimental to
anthropogenic activity.

* Aspect (Rain)

Due to the orographic rainfall phenomenon, the 'windward side' of a landform receives more
rainfall than the 'leeward side' (Shrivastava et al., 2022) As a result of strong rainfall penetration,
the windward side of an ecumene becomes especially prone to chemical weathering and erosion
(Bosdorf and Stadle, 2015), which is a function of natural process. When the AGP is operating on
it, this aids in landform deterioration. As a result, windward aspect multiplies the AGP stress many
times. On the other hand, the intensity of rainfall decreases away from the windward side, resulting
in low chemical weathering and consequently less assistance from rainfall in erosion.

* Aspect (Solar)
Solar insolation raises the temperature of the rock's surface during the day, while the absence of
sunlight causes the rock to lose heat at night. This process occurs on a daily basis, and ultimately
the top layers of the rock begin exfoliating, a process known as exfoliation (onion) weathering,
which weakens the rock over time (Jain, 2014). Exfoliation weathering is more common in regions
(landforms) that get direct sunlight for a longer duration of the day because they experience a
greater range of temperature change during the day and night than areas that do not receive direct
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sunlight. Similarly, to the rain aspect, if the AGP is also active in an area where exfoliation
weathering is active, an increase in AGP stress is guaranteed (compared to partially solar facing
or non-facing) because exfoliation weathering will work hand in hand with the AGP, resulting in
rapid modification of landforms by increasing weathering rate.

*  Climate

Climate has a significant impact on geomorphic processes (Parsons et al., 2009). However, the
intensity with which these processes are fed varies among regions. In other words, along with the
AFP, climate (exogenetic forces) is the primary cause of landform changes. Climatic agents such
as precipitation, temperature, and wind, to mention a few, are the causes of many geomorphic
processes such as fluvial, glacial, marine, and aeolian. These processes shape a region's landforms
and determine its geomorphology (Parsons et al., 2009). For example, a humid tropical
environment yields the most rain in the world, resulting in the highest rate of erosion since moving
water is one of the most powerful agents of erosion. Hot and dry desert climates, on the other hand,
have one of the lowest erosion rates of all climate types due to the presence of the slowest
geomorphic agents (solar and wind). As a result, the strength of landform erosion varies with
climate.

* Hazard

Natural hazards are just natural processes (exogenetic or endogenetic) that have existed since the
earth's inception, but these natural processes have become dangers when they inflict damage to
any anthropogenic belongings (Khan et al., 2008). The presence of various natural hazards which
can occur in a particular region and act on a landform as a geomorphic process is described by the
hazard factor in the model. However, if the AGP is also dominant in the given area, the damage
could be magnified enormously. When the hazard(s) and AGP interact, they might cause
significant changes across the region.

11.3.2 Case study — Coastal tracts of South Goa

According to Rozsa (2007), built-up activities are one of the most intensive land alteration
processes, resulting in the greatest anthropogeomorphological impact. Similarly, AGI@E model
results suggest that Marmugao and Salcete have the highest degree of Anthropic pressure, which
is mostly influenced by study area's land-use (Table-6.1 & Fig.-6.1). The study area (primarily
Marmugao and Salcete) has seen unimaginable built-up activities (amount of anthropic pressure)
(Fig-11.3 (a) & (b)) to cater to ever-increasing coastal tourism and urbanisation activities since the
turn of the millennium. It had 83.13 km® of built-up area in 2000, which expanded to 133.22 km®
in 2020, a 60.25% growth, with the majority of it in the taluka(s) of Marmugao and Salcete. On
the other hand, agricultural land got reduced by 8.1% during the similar period and also the forest
and water bodies (Fig-11.3 (a) & (b)).
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Fig-11.2 Slope maps of all the four taluka(s) in the study area.
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Fig-11.3 Land Use Land Cover maps of the four taluka(s) located in coastal South Goa during
2000 and 2020 (Refer to Appendix section, Supplementary Table -3 for the LULC statistics).

Moreover, Hooke (1994) regarded Gross National Product as one of the proxies to evaluate
deliberate human geomorphological effect in any given nation. Similarly, Goa's National State
Domestic Product was Rs. 26418 in 1996-97, Rs. 44110 in 2001-02, and Rs. 259444 in 2011-12
(RBI, 2019). This implies that the increase in NSDP is directly proportional to technological
improvement, which is one of the primary drivers of intentional human geomorphological effect
in the region (Rozsa, 2007). Under the degree of anthropic pressure, the novel model AGP@E
findings completely justify this theory.

According to Nir (1983), Mitra (1984), and Ngondya (2011), the illiteracy rate and
anthropogeomorphic impact are directly proportional to each other since illiteracy generally leads
to a negative perception of curtailing erosion caused by human land-use activities and vice versa.
Marmugao taluka has the highest illiteracy rate and slum areas of all of the talukas. Furthermore,
the majority of the population in these slum neighborhoods is below poverty line (mainly
immigrants). The outcomes of this unique model AGI@E strongly justify the current scenario in
the study area, as Marmugao tops the list in terms of the “Degree of Anthropic Pressure”, which
is also influenced by illiteracy and poverty.
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Fig-11.4 Soil loss maps of the four taluka(s) located in the study area during 2000 and 2020
(Refer to Appendix section, Supplementary Table - 4 for soil loss statistics).

Soil erosion in Marmugao and Salcete taluka(s) is ‘moderately high' in the state but the highest in
the study area, according to the status of soil loss in the study area (Fig-11.4 & Supplementary
Table - 4). Marmugao is at the top of the list because it is located on a lateritic headland (Reddy
et al.,, 2016), whereas Salcete has gentle, low-lying Zuari river flood plains formed by
unconsolidated particles (Fig-11.2 (a) & (b)). Both the taluks(s) are naturally prone to erosion, but
growing urbanisation has resulted in a very significant human impact on relatively unconsolidated
land. The results of the novel model AGI@E confirm this, with Marmugao and Salcete earning
the highest values of the 'degree of erosive susceptibility' and, as a result, a significantly higher
AGI@E compared to Quepem and Canacona who have extensively hard bedrock compared to the
other two.
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Fig —11.5 Some examples of the Anthropogeomorphic impacts in the study area. (a) Hill cutting
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and ground planation for urban expansion at Fatorda, Margao city, Salcete. (b) Channelization of
Sal river near western bypass, Margao city, Salcete. (¢) Sand dune destruction and ground
levelling for the construction of houses at Gonsua village, Salcete, (d) Human induced terracing
and ground levelling of the northern lateritic slope of Verna plateau, Quellosim, Salcete and (e)
Zoomed-in image showing severe erosion making the terrace fragile at the same location.

(a) (b)

Fig —11.6 Massive hill cutting and ground levelling along the National Highway — 66 at
Poinguinim, Canacona.

High water erosion is caused by excessive rainfall (Kulimushi et al., 2023) and windward side
aspects (erosive susceptibility) (Fig.-11.2). It accounted for 58.2% of total erosive processes
functioning in the study area in 2005-06. In addition, in 2005-06, the second most dominating
process in the research region was anthropo-geomorphic, with a share of 19.08% spanning an area
of 81.20 sq. km. However, in 2015-16, the share of anthropo-geomorphic processes increased to
88.23 sq. km (20.50%) (Fig.-11.3, Fig.-11.5 & Fig. 11.6) whereas the share of water erosion
processes declined to 247.32 sq. km (57.46%) (NRSC, 2018). The findings show that the AGP is
gradually rising to become the most important geomorphic process in the study area.

This fact further reinforces the validity of the robust model AGI@E, explaining why Marmugao
and Salcete had greater ‘erosive susceptibility' values than Quepem and Canacona. It is so because
Marmugao and Salcete ecumene have a higher proportion of directional aspects which face south-
west rains, despite the fact that all four taluka(s) fall under the same climatic and hazard
classifications.

11.4 Multi-Temporal Beach Litter assessment

Several researchers have undertaken a study of the nature and abundance of marine litter and its
impact on the coastal environments of India to understand the source. Kaladharan et al. (2017)
observe that coastal tourism playing a prominent source of beach litter. The spatiotemporal
distribution, composition, and beach quality based on 17 beaches of Northeast India (Mugilarasan
et al., 2021), suggested that the type of marine litter were representatives of household, tourism,
and fishing activities.
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The microplastic litter occurrence, distribution, and characterization suggest considerable
pollution along the coastal stretch of Karnataka state (south of the present study area) and
recommends the implementation of a regular and permanent waste management system for beach
protection (Yarnal et al., 2021). A substantially high overall abundance of plastic litter in the
beaches of the Mumbai coast resulting from coastal recreational and other anthropogenic activities
was reported by Jayasiri et al. (2013). Behera et al. (2021) observe that coastal recreation is the
primary source of marine litter pollution along the coastal stretch of Northern Gujarat. More
microplastics in the highly productive and bio-diversified coastal ecosystems off the southeast
coast of India, especially in regions dominated by tourists and fishing activity, has been detected
elsewhere (James et al., 2021). Widespread occurrence of microplastics in the sediments of the
Kanyakumari coastal stretch of southernmost India has been reported. Sunder et al. (2021), while
providing baseline data on the beach litter along the Southeastern Coast of India, identifies a
relationship between human activities and microplastic concentrations as most of the litter is found
associated with sediments in the vicinity of harbors and tourist beaches.

The awareness towards reducing marine pollution is growing in the scientific community and local
governments. Several schemes introduced in India, such as the Circular Economy Solutions
Preventing Marine Litter in Ecosystems- which aims to follow R3 (Reduce, Reuse and Recycle)
for the plastic items, particularly in the states of Kerala, Tamil Nadu, and Uttar Pradesh, to quantify
and monitor marine litter. The deposit fund scheme for plastic bottles is also currently being
implemented in various parts of India (Henzlar et al., 2019).

Among the most secluded and tranquil beaches covered under the study is Velsao. Amenities are
commonly owned by local residents, which can be considered as the primary source of beach litter
for urban beaches. Baina is primarily an urban beach located in business city of Vasco-Da Gama.
Baina observed a reduction of 288.18% during the lockdown period. As the beach is centrally
located, which strongly indicates that locals and tourists were unable to visit these beaches;
resultantly huge reduction in beach litter occurred.

South Goa's highest tourist inflow occurs Colva, and Palolem beaches. These beaches also cater
to a significant number of local tourists. Palolem beach witnessed the highest reduction in beach
litter amount during the lockdown, as compared to post lockdown (1040.74%). In contrast, Colva
observed a (134.48%) of reduction. The multi-temporal observations revealed that these beaches
sustain totally upon tourism activities (D’Souza, 2021) and do not have a significant local
population who visit these beaches. Total restriction on tourist inflow during lockdown could be
the most prominent factor that reduced litter, which suggests that tourism activity is the primary
source of litter. Besides, the main aspects of litter at urban beaches is also slum development along
the Baina beach (Table-7.1 & Fig.-7.1).

The complacent behavior of tourists plays a significant role in beach litter generation (Table-7.1
& Fig.-7.1). On the other hand, the burden of maintaining cleanliness relies on the local population.
Per-capita litter reduction (Table-7.3) during the lockdown in comparison to the post-lockdown
period was found to be highest for Palolem (1032.60%), Baina (276.92%), Velsao (137.47%) and
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Colva (135.06%). This study also reveals that a significant reduction in the mean litter along the
South Goa coast, 28.31 g/m” during peak tourism period, and reduced to 10.04 g/m* during
lockdown period. Both the values are significantly lower than the litter density of 205.75 g/m’
reported by Kaladharan and others (2017) during October 2013-January 2014 along the coast of
Goa, which declared that the coast is the most littered among the coastal states in India. However,
the results indicate a remarkable improvement in containing beach litter and maintaining beach
hygiene.

Anthropogenic beach litter once discarded, makes its own journey and can be found in high
numbers especially where the human influence is higher. It is a clear indicator of human footprints.
Primarily, at tourism dominant spots, specific type of litter can provide an idea about the
anthropogenic pressure on the specific part of coastline. This implies that, floating population is
major source of beach litter because of their sheer numbers which clearly indicates towards higher
burden on the limited and already under pressure coastal resources. Resultantly, this phenomenon
is increasing the exposure of inherent vulnerability in the study area and thus the coastal
vulnerability.

11.5 Multi-Temporal Air Quality Analysis

Air pollution levels may vary to a great extent with the geography, demography, and socio-economic
factors of the region, which determine the source and dispersal of the pollutants. The climate and
topography of a region also influence the atmospheric processes thereby, modulating the circulation
of pollutants and their effects on the environment and subsequently on human health. SO, and PM
concentrations have been related to meteorological factors (Chao, 1990). A high correlation between
the mean dust concentration and several meteorological factors in Osaka City has been found
(Miyazaki and Yamaoka, 1991). Tirabassi and others (1991) found a close relationship between wind
speed, SO, and particle concentrations in the coastal city of Ravenna, while Cuhadaroglu and Demirci
(1997) used multiple linear regression analysis to evaluate the relation of pollutant concentrations
with several meteorological factors. In the study presented by Bridgman and others (2002), the
relationship of SO, concentrations with the major meteorological parameters such as wind speed and
direction, solar radiation, relative humidity, pressure, and the temperature was investigated. Their
results revealed that SO, concentrations were strongly related to a colder temperature. On the other
hand, there is another way around too. Increasing air pollution also suggest the increasing human
influence in the region.

In the present analysis, different contributors have led to steep pollution levels in Goa (Table-8.1&
Fig.-8.1 (a)). The state highway witnesses heavy traffic consisting of trucks/lorries, interstate buses,
and other vehicles that pass through Vasco da Gama city. Vasco Da Gama has predominantly been
found to be on the top of the list of most polluted towns in Goa. GSPCB in 2018 stated the reason
behind critical pollution status in the city which includes the high amount of infrastructure
construction, as well as the explosion in the number of vehicles plying on the roads of this
congested city devoid of space (Navhind Times, June 6, 2018). In addition, one of the largest
concentration of the slums across the state is in Vasco, who are devoid of modern home appliances
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and sustainable living standards. It is strongly believed and experienced since the turn of this
century that the coal handling operations at the Marmugao Port located in Vasco city is the major
source of pollution pertaining to Particulate Matters (PM;o and PM,s) because the coal is
transported on the trucks passing through the sole major road of the town and the coal filled railway
wagons mostly stationed in the town waiting for their turn. This phenomenon is clearly indicated
in the present study as the increasing trend of PM, s and “High” to “Critical” level of PM;o and
PM, 5 between 2017-2020 period (Table-8.2).

The other indirect but very significant health implication of coal dust is through the leakage and
spillage from the barges during transportation into the Vasco bay, which also indicates increasing
human presence in the once preserved estuarine area. This bay is the fishing ground of villagers
from Kharewado, Baina and Desteiro. This pose a great danger of ingestion of coal dust and other
pollutants by the local population through edible fishes. Adding to the crisis, these villagers are
threatened to be displaced from their village due to expansion of the port area, which will further
deteriorate the pollution levels in Vasco da Gama. The use of biomass material for water heating
and cooking is the major source of pollution in the city (Herald, March 29, 2019) whose dispersal
in the air in a true proxy of human influence in the neighbouring areas as well.

For Margao, the pollution has been attributed to an increase in the number of road vehicles,
construction debris, and incineration of waste in the open air. Most of the vehicles pass through these
cities as a part of interstate connectivity, so diesel vehicles top the list contributing to PM, SO,, CO,
etc. (Table-8.1 & Fig.-8.1 (b)). Rampant construction activities, including public works have
increased in Margao, Mapusa and Ponda which has also deteriorated the AQ in the past five years
when interstate highway widening works were undertaken by clearing of roadside trees and cutting
and leveling of hills and dumping of debris in the low lying areas as a filling material for road making.
Margao is one of the major railway terminals where at least 30 long-distance and ten local trains
running on diesel makes a scheduled stop, which also adds to the air pollution. Though the
incineration of waste is banned since 2016 by the National Green Tribunal, there are instances
wherein plastic, tires, and other domestic wastes are burned on a small scale in the countryside.

Partly, in the township areas in Curchorem, the mining dust from the mining rejects and ore dumps
contribute a significant share to the PM (Table-8.1 & Fig.-8.1 (d)). The ore to the ore-burden ratio in
Goa is 1:3, which means for every tonne of ore excavated, about three tonnes of overburden material
is generated and is treated as mountains of rejects/ dumps. Major sources of atmospheric emissions
from open-cast mining activity include land clearing, removal of dumps, and vehicular movement on
the haul roads, excavation, loading and unloading of ore materials, as well as overburden (Singh and
Perwez, 2015). Dust emanating from the haul roads contributes considerably to the PM in the
atmosphere (Singh and Perwez, 2015). With the Supreme Court allowing auctioning of the mined ore
for the last three years, the exhaust from the trucks and the dust generated during transportation to the
barge landing points adds to the air pollution. However, heavy rainfall in these region is a blessing in
disguise to flush out the PM. Most of the area in Quepem is hilly with thick cashew plantation, which
is a cash crop, so the PM settles down on the vegetation, reducing the fruit-bearing capacity. Coal
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dust blown from the cargo trains running through Curchorem also contributes to the PM, and people
with cases of asthma and respiratory ailments have gone up in the recent past.

Goa being a tourist attraction, many tourists from the neighboring states visit Goa on weekends by
driving in their vehicles. Rent-a-bike and rent-a-car are also popular, which significantly adds to the
air pollution, besides generating trash (Nigam et al., 2022) and putting pressure on resources like
infrastructure, drinking water, etc. Goa has a vehicle density of 625 vehicles for every 100
people and is ranked fifteenth in the world in terms of vehicle density. Several chartered flights
would land in Goa, which also had a share in pushing up the air pollution levels. Eateries/hotels/beach
shacks cater to the increasing demands of the tourists by getting the raw materials like vegetables,
poultry, meat, fruits from the neighboring states, which are transported by diesel-run trucks almost
every day; this further deteriorates the AQ in terms of PM, SO,, CO, NOXx, etc. Likewise, construction
material and finished products are procured from across the country by availing road transport. Hence,
it is crystal clear that increasing pollution is directly proportional to increasing human influence in
the region. This also clarifies the increasing perimeter of the ecumene and thereby inherent
vulnerability in the low lying coastal tracts of South Goa.

11.6 Multi-Temporal Sea Level Rise Inundation Assessment

Total area of Marmugao is 109 km? including 43.50 km? rural area and 65.62 km? urban area.
Marmugao taluka has a population of 1,54,561 persons, out of which urban population is 1,32,329
while rural population is 22,232, Marmugao is an important region because of two important
commercial activities. There is a harbor run by the Marmugao Port Authority and Dabolim Airport
(GOI). These generate an income of USD per year, on average, to the country. In fiscal year 2022-
2023, the airport handled around 8.5 million passengers including several European charter
airlines. The airport is centrally located which brings 1200 international flights per year accounting
for some 93% of India's international charter tourist flights that fly to Goa seasonally, typically
between November and May months. It is estimated that about 300-350 thousand international
tourists arrive at Dabolim on charter flights that supports the local economy and provides an
international/national link to air passengers. In 2006, the government upgraded the airport by
constructing a new international passenger terminal and adding several more aircraft stands over
an area of about 4 hectares. Since support facilities are required for these government
establishments, there increasing trend in built-up areas between the years 2000 and 2020 due to
rapid urbanization (Fig.-9.1 (f) & (g)). This could be one of the reasons that there is a consistent
trend of increased inundation vulnerability for Built-up areas, Water bodies, and Wetlands (Table-
9.1 & Fig.-9.1). The latter two have been encroached by private individuals. Among all the classes,
there is an increment in forest area mostly in the hilly Sancoale, Loutolim, and Verna. Traditionally
this taluka is known for agriculture (Fig.-11.7) which is now showing an increasing trend, possibly
due to escalating price of vegetables brought in from bordering states.
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Fig —11.7 Low lying Khazan lands in Marmugao taluka.

Total area of Salcete is 298 km? including 145.11 km? rural area and 153.05 km? urban area. The
Sal River and its backwaters dominate its landscape. The topography of the region is an intermix
of mountains (35% of area) and plateau where agriculture is widely practiced. Margao serves as
the administrative headquarters and the commercial capital of Goa. The land use change from
agriculture/barren land to settlement/commercial is the main cause of increased concrete structures
with a higher vulnerability for built-up areas (Fig.-9.2 (f) & (g) & Fig.-11.8). Water bodies and
Forest area generally showed a decline over time due to rampant encroachment. On the contrary,
Wetland increased under scenarios 6.05m and 7.11m, but showed a slight decrease under scenario
6.52m. The agricultural land has increased under all the scenarios indicating an expansion and
higher VGR, while Barren land area decreased over time under all scenarios (Table-9.2), possibly
brought under cultivation of rice, vegetables, and other crops including kidney peas and
watermelons in 35 villages. The farmers use and maintain traditional ponds/wetland for irrigation
of crops (using electric pump). Many hotels along the coastal zone constitute the Build-up area
that cater to tourists who come to visit some fine beaches, some of which are Varca, Velsao,
Arossim, Benaulim, Cavelossim, Mobor, Senabatim, Majorda, Utorda, Fatrade. The River Sal
flows in south-western direction for 16 kilometers passing through the villages of Nuvem, Mongul,
Seraulim, Colva, Margao, Benaulim, Navelim, Varca, Orlim, Carmona, Dramapur, Chinchinim,
Assolna, Cavelossim, Mobor and drains itself into the Arabian Sea at Betul. The Arabian Sea and
River Sal pose a high vulnerability for built-up areas along those structures along the river front
and those in the coastal zone (Fig.-11.8).
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(a) (b)

Fig —11.8 Ongoing development in the low-lying regions of Salcete taluka. (a) Western bypass
construction in Sal floodplains, west of Margao city, (b) Benaulim-Margao road along the low-
lying Khazan lands, (c) Houses constructed in Benaulim after filling up the Khazan lands, (d)
Curtorim church and old houses along the bank of the lake, connected to Khazan lands, (e) A
house constructed by encroaching in the khazan lands, Curtorim and (f) Road to Handi-khuris,
constructed on embankment, in the midst of sea level high Khazan lands.

The topography of Quepem is mostly hilly, with the height varying from 1m to a maximum of
681m. Total area of Quepem taluka is 318 km? including 271.58 km? rural area and 46.66 km?
urban area. As of 2011, it has a population of 81,193 persons, out of which urban population is
44,959 while rural population is 36,234. There are 35 villages and 3 towns in Quepem. Nanda
Lake admeasuring an area of 644664 m” notified as a wetland. All scenarios for Quepem indicate
an increase in Built Up and agriculture cover from 2000 to 2020 (Table-9.3 & Fig.-9.3), propelled
by population growth and infrastructure such as highway expansion. While reduction in water
bodies area can be attributed to debris from landslides which promotes soil erosion leading to

196



decrease in forest cover across all three scenarios. The wetland consisting of Xeldem lake,
Cottombi lake and Nanda lake proportion has increased due to regulation of developmental
activities within the wetland as well as within its zone of influence following the conservation and
management Rules 2017 of the Central government. The regulations have prohibited activities
within the wetland boundaries including setting up of any industry and expansion of existing
industries with the exception of modernization of existing industries which will not affect the
ecological balance of the wetland under consideration, no construction, demolition, hazardous,
electronic or other waste can be dumped in a wetland, discharge of untreated wastes and effluents,
plastic or solid waste, extraction of sand or mud for commercial purpose, etc. Furthermore,
activities like agriculture cultivation, fishing, religious practices, removal of water for domestic
consumption, plantation of trees are permitted within the wetland boundaries.

The total area of Canacona is 352.04 km?2 with population density of 128 per km?2. Out of total
population, 72.47% of population lives in urban area and 27.53 in rural areas. Increasing Built up
and agriculture is observed suggesting urban development and population growth across the years.
Modern amenities like Canacona bus stand opened in 2004, earlier, highway route NH17
connecting Mumbai to Ernakulam passes through Chaudi locality and connects to Salcete-Margao
and Panaji. The newly constructed Canacona bypass in November 2019 has the Talpona, Galgibag
and Mashem bridges. When it comes to agriculture, Canacona's net sown area has decreased from
10253 hectares in 1987 to roughly 9000 hectares in 2021. Land that was once cultivated is now
left barren and unproductive. Canacona taluka is blessed with a long coastline, 3 estuarine rivers,
and backwater systems (Fig.-11.9). Our study showed that Water bodies and Barren and have
decreased significantly, while Wetlands areas have experienced increment over the years. Many
places, particularly low-lying areas and barren fields experience flash floods that occurred in Oct.
2009 and Oct. 2017. However, the inundation vulnerability is negligible being a hilly locality.
The shoreline of Canacona is dotted with about good beaches including Palolem, Patnem and
Agonda beaches which attract domestic and international tourists due to their decent
infrastructure, located in low-lying coastal areas (Fig.-9.4).

(a) (b).

Fig —11.9 Low lying areas in Canacona taluka. (a) An estuary meeting to the Arabian sea at low

lying Agonda village, with high density tourist infrastructure around it and (b) A house constructed
(light green, right-centre) after clearing mangrove plantation along the bank of Galgibaga river.
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11.7 Coastal Vulnerability Index
11.7.1 A Robust Methodology of Coastal Vulnerability Index

The novelty of the present study lies in the incorporation of a total of 21 physical, geological and
socio-economic variables, which have never been adopted together to compute relative coastal
vulnerability, that too at the smallest possible spatial administrative unit. Resultantly, the CVI
results obtained in this assessment are much more robust than any previous CVI studies, it provides
the field status in depth more than ever. Gornitz and other (1994) had introduced six physical
variables; geomorphology, coastal slope, relative SLR rate, shoreline erosion rate, mean tide range
and mean wave height which are well documented. In addition, the current study has introduced
four more physical variables, novel to CVI assessments namely; plausible storm surge height,
vegetation density behind the beach, percentage of sandy coast and coastal regional elevation.

Storm surge height refers to the plausible highest elevation of a wave during a storm along the
coast. Its significance becomes undeniable when a storm strikes at a low elevation coastal area. If
a wave surge of this height of gets generated and hit the coast then it is quite plausible that it would
extensively erode sandy coasts or even submerged its inland areas, although temporarily. High
population density areas could face devastation if these waves actually occurs. This is a low
frequency high magnitude phenomenon.

While the vegetation density behind the beach generally refers to mangrove, casuarina and coconut
tree plantations developed naturally or anthropogenically behind sandy beaches. It is a well
established fact that the vegetation behind the beach acts as a protective belt between the sea and
inland areas. When a cyclone, storm or Tsunami occurs, this belt has been proven to be effective
to drastically reduce the wave intensity thus, protects inland areas quite effectively. Hence, higher
the vegetation density lowers the vulnerability behind this belt. After 2004 Indian Ocean tsunami
stuck the Coromondal coast of India, the state government made it mandatory to plant casuarina
in between the coast and the habitable land behind. It is largely visible along the East coast road.
In addition, Bangladesh is primarily protected by mangrove vegetation, which proves the
protective ability of vegetation from the waves and storm.

Sand characteristics may refer to percentage of sandy coast or sand dunes. A general coastal
geomorphology of the sandy coasts has lower elevation along with gradual slope having fast
eroding material and cliffed coast have higher elevation and steep slope. Low elevation, gradual
slope along with unconsolidated material makes sandy coast most susceptible to coastal erosion
and submergence. Thus, high amount of sandy coast along with low regional elevation along a
coastline, would make it high vulnerable to any coastal hazard. Hence, determining the area under
sandy coast at low elevation is quite essential to demarcate vulnerable coastal zones. e.g.
Chittagong coast, Bangladesh is highly vulnerable to coastal erosion as its coast is predominantly
sandy in nature along with low regional elevation. On the other hand, Sand dunes in any coastal
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stretch always plays an essential role in restricting high tides and storm surge to reach beyond
them. As they mark a breaker where the wave loses its intensity and gets perished (Refer to
Appendices, Supplementary Table-3 for the rationale behind physical variables).

Vulnerability of the coast does not only belong to the physical processes, geology and topography
of the coast. It is significantly influenced the people residing there, the level of infrastructural
development, anthropogenic activities, income, quality of life to name a few, also play an
important role in defining coastal vulnerability. This concept is similar to hazard and disaster
concept where a hazard is defined as a natural process of the earth which has been occurring since
the earth’s inception. However, the similar hazard, a natural process, becomes a disaster when it
affects human lives or human property. Hence, anthropogenic involvement in defining coastal
vulnerability is pretty clear. Otherwise, why aren’t we more concerned about the coastal
vulnerability of any uninhabitable coastal tract of the mainland or an island? It is because human
population or any of its property is absent in those areas and possibly it doesn’t lure human interest.
Therefore, coastal vulnerability assessment is incomplete without a variety of in-depth socio-
economic variables, which could provide the information about the current state of coastal human
settlements and their functioning (Refer to Appendices, Supplementary Table-4 for the rationale
behind social variables).

11.7.2 Coastal Vulnerability Index of the Study Area

* Marmugao
A predominant part of Marmugao is situated at the headland area along the Arabian Sea. It can be
considered as the commercial capital of Goa as it hosts the Marmugao port, Dabolim airport and
a bustling town like Vasco da Gama which is experiencing rapid population growth due to tourism
and economic opportunities. However, its villages, located outside the headland, along the low
lying coastal tracts are at different stage in terms of socio-economic exploitation of the region.

SoVI reveals that Chicolna, Vasco da Gama, and Sancoale exhibit the highest social vulnerability,
influenced by a dense population (Table-10.1 & Fig.-11.10) and the presence of marginalized
communities (highest amount of slums in Goa state). In contrast, Pale, Velsao, and Issorcim have
moderate levels, suggesting more balanced social conditions (low commercial activities and low
population density but low on socio-economic facilities). Cansaulim, Arrosim, Utorda, and
Majorda, situated along the linear coast, display low social vulnerability due to better access to
resources such as roads, better health care facilities, proximity to Margao city as well as low
population density and higher per capita income (due to high-end tourist resorts) as compared to
the villages located at Marmugao headland.
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Fig —11.10 High rise buildings located at the headland in Marmugao, seen from Velsao
beach.

On the physical vulnerability front, only Sancoale boasts low vulnerability, indicative of its
location at a cliff on higher elevation and higher degree of coastal slope (Fig.-11.11). Assorcim,
Utorda Pale and Vasco da Gama fall within the moderate range, because of their geographical
characteristics (low lying areas are densely populated such as Baina; obliterated sand dunes in
Utorda etc.). Cansaulim, Velsao, and Arrosim (adjacent villages along the coastline) are
categorized as having high physical vulnerability, primarily due to to their proximity to the
coastline, less dense vegetation behind the beach, encroached sand dunes, low coastal slope etc.
which increases susceptibility to storms and flooding (Table-10.1 & Fig.-10.1).

All villages in Marmugao taluka score high in CVI, resulting in an overall CVI of 30.6. This
indicates a clear sense of risk in the coastal tract of Marmugao taluka. The interplay between the
geographical setting of the region and the rapid development underway is heavily imbalanced.
Marmugao is generally seen as safe in terms of coastal risk all due to its higher elevation headland
but it is mostly forgotten that a majority of its part is located in low lying areas, down the headland
slope (sprawling Vasco da Gama town). Concentration of transportation facilities has primarily
added to this menace because the influx of people seeking employment opportunities has shaken
the socio-economic web in the taluka, as it now hosts the largest slum area in the state. In addition,
haphazard development, traffic congestion along the main arterial roads have only added to
increased social vulnerability which pushes to understand the importance of the dynamics of
population growth and economic activity in the context of vulnerability in Marmugao.
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Fig-11.11 Near-shore bathymetry of the Goa coast (Source: Kunte et al., 2014).

* Salcete
Further south of Marmugao, is Salcete taluka. It’s a significant taluka in the study area in terms of
industrial development, demographics and extensive tourism infrastructure. Salcete is the most
populated taluka with highest population density in the study area where the majority of population
is settled near to the coastline and in the Zuari floodplains which both are highly sensitive to coastal
vulnerability. Margao is the largest city in taluka, located inland but its outskirts host numerous
villages of Zuari floodplain which have been found be highly vulnerable to coastal hazards.

However, the present study found that most villages in Salcete as having low social vulnerability
which reflects a strong sense of community, better infrastructure, better health facilities, higher
literacy rate, excellent road network thus, resilience. However, Colva, Benaulim, Betalbatim,
Cavellosim are located along the coastline, where there is a high concentration of settled and tourist
populations. Colva-Benaulim belt is a popular tourist destination, dotted with high concentration
of hotels and resorts, thereby attracts high number of Indian tourist population (Fig.-11.12).
Cavellosim is a high-end tourist village, located on a barrier beach between the Arabian sea and
Sal river. Due to dense infrastructure and road connectivity constraint along the narrow belt, it
exhibits high social vulnerability. Quellosim, on the other hand located in Zuari floodplain, hosts
high population density and due to its proximity to Verna industrial estate. All these factors
significantly influence social vulnerability in Salcete taluka (Table-10.1 & Fig.-10.2).
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Fig —11.12 Status of sand dunes at various beaches in the study area. (a) Destructed
dunes at Colva beach, Salcete (b) Protection barriers (sand bags) to save infrastructure
constructed on razed sand dunes, Colva beach, Salcete (¢c) Way to Velsao beach,
Marmugao without razing stabilized sand dunes, (d) Way to Betalbatim beach,
Marmugao constructed after razing stabilized sand dunes, (¢) Protected vegetation
(Casaurina plantation) and sand dunes with minimal tourist infrastructure at Gonsua
beach, Salcete and (f) Showing limited connectivity, a Lone road connecting high-end
tourist destinations of Cavellosim and Mobor villages, Salcete with the mainland.
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Physical vulnerability in Salcete has very different story where, Macasana, located in Zuari
floodplains (having thick mangroves as buffer and higher gradient towards the river ) is the only
village with low physical vulnerability and all other in the Zuari floodplain (Fig.-11.13) have either
moderate or high physical vulnerability which can be directly attributed to low-lying areas with
gentle slope towards the river and conversion of wetlands to agricultural field and subsequent
infrastructural development in these areas of Salcete taluka. Along the coastline, Gonsua,
Betalbatim, Sernabatim, Benaulim, Varca, and Cavellosim have moderate PVI scores which is
influenced by their geographical characteristics such as, presence of sand dunes, vegetation behind
the beach, sparse construction in the proximity to the HTL to name a few. However, Colva, a
neighbouring village of Benaulim boasts high PVI because of an estuary joining the sea and
extensive tourism activities which have led to the destruction of geographical characteristics
discussed above (Fig.-10.2).

(b)

=

e

Fig-11.13 Low-lying floodplains of Zuari river, located in Marmugao and Salcete taluka(s),
flooded during high tides.

The comparison between the coastal villages Zuari floodplain villages (Fig-11.13) portrays an
interesting picture of coastal vulnerability. It suggests that, although the villages situated in Zuari
floodplain are away from the Arabian sea, but they posses much higher physical coastal
vulnerability than the villages located adjacent to the coastline. The findings clarify that the cause
behind this situation are several factors such as, gentle gradient towards the river, absence of sand
dune as a protection barrier, destruction of wetlands and vegetation in the floodplains etc (Fig.-
10.2). This suggests that a majority of natural protection measures have be destructed along the
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Zuari floodplain which is already a gently sloping and low lying region which has led to a
concerning situation adversely impacting the future of the villages located in the Zuari floodplain,
highlighting the need for targeted adaptation strategies.

* Quepem

Quepem demonstrates low social vulnerability across all three villages and mainly in the coastal
region which is located a higher elevation on the cliff and sparsely populated (Table-10.3 &
Fig.11-14). However, PVI varies significantly, with high vulnerability in Curchorem, located
along the Zuari bank and low vulnerability in Quitol and Naquerim (located along the coast) (Fig.-
10.3). The reason can be significantly attributed to the difference in regional elevation and slope
gradient (low in Curchorem and high in Quitol and Naquerim) as well as similar geographical
constraints for Curchorem face by Salcete’s villages located in Zuari floodplain.

Kunte and others (2014) had ranked the taluka of Quepem as the least vulnerable to erosion due
to the presence of rocky cliffs, exposed rocks, and mesas. They also have low population density
and do not attract many tourists (Kunte et al., 2014). On the other hand, the present study
considered grass-root level vulnerability assessment, which has revealed that this contrast in
vulnerability score amongst the two village locations (Curchorem and Quitol) in Quepem taluka
highlights the importance of understanding the physical aspects of small pockets (such as
Curchorem) as well, although it is located in a predominantly hilly taluka.

Fig —11.14 Tourist resort constructed on the steep slope of a cliff, facing the Arabian sea at
Canaguinim village, Quepem

e Canacona
Canacona displays a similar pattern, with low SoVI in Cola, Poinguinim, and Loliem, and high
SoVI in Agonda and Nagercem-Chaudi, primarily due to tourism and infrastructure development
(Fig.11.15). The region’s overall SoVI falls within the moderate category. Tourism, in particular,
has transformed Agonda and Nagercem-Chaudi into tourist hotspots, driving population growth
and development (Table-10.1). They are the most vulnerable coastal villages in Canacona. It is
because they have low lying topography such as; very high proportion of sandy beach stretch and
low regional elevation world-renowned sandy beaches (Agonda, Palolem) of South Goa
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(Fig.11.15). The land use land cover is drastically changed in the last two decades due to increased
tourist activity. Due to the availability of low-cost accommodation in comparison to North Goa
beaches, tourism has thrived here. However, to cater the need, haphazard development with
congested roads in the coastal tracts has resulted in high social vulnerability scores. As a result, it
is not only the geographical factors but also the economic and social dynamics that shape

vulnerability in these villages.

(a)

LI0% P e b N WY\
Fig-11.15 Tourist infrastructure along the coastline of Canacona taluka. (a) Excessive
infrastructure constructed along the beach after razing sand dunes and vegetation at Agonda
beach, (b) Concrete construction using bricks and mortar, stabilized sand dunes completely
razed and levelled at Agonda beach, (c) Low-end tourist infrastructure, located at the fringe

of Colamb beach, (d) Congested way to seaside tourist accommodations located at Patnem
beach, (e) Drone imagery showing haphazard development without Casaurina cover along
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the Palolem beach, Nagercem village and (f) Drone imagery showing extensive cliffed coast
along Cola village coastline.

On the other hand, Loliem is completely on the opposite site (Table-10.1). Its geological settings
are much safer to coastal hazards (high elevation, rocky coast). Socio-economically as well it has
low population density, open roads, less traffic congestion, less population to serve to etc. So
fundamentally, local level variables like type of coastline, regional elevation, high population and
tourist density, and settlement pattern, play a crucial role in defining coastal vulnerability at the
most localized level.

In addition, it has also come to light that the administrative centres located along the coast
generally serve to a larger population from the nearby towns and villages, which consequently
leads to the development of other public amenities such as; high density commercial areas,
transportation facilities, residential projects etc. in those administrative centres. Resultantly, these
centres attract more people who prefer to live there to avail these amenities and this kind of
immigration increases pressure on the natural resources of administrative centres, e.g. Vasco da
Gama, Nagercem-Chaudi, Curchorem are the primary examples of these kind of influence on
coastal vulnerability in a town or village. Thus, when an administrative centre such as discussed
above is having geological settings (low elevation, gentle slope, river bank with tidal influence,
sandy coast, sparse vegetation along the coastline etc.) then coastal vulnerability could increase
by manifolds compared to the town which have no administrative liabilities (other villages in the
study area) thus does not attract population due to this specific reason. Therefore, localized CVI
variables can differentiate one village from another in terms of slightest difference in coastal
vulnerability and also make a strong case to consider village-level coastal vulnerability
assessments as an important tool to determine coastal vulnerability.
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The Complex Interplay of Elements Shaping Coastal Vulnerability:

A Comprehensive Synthesis

11.8 Elements Shaping a Coastal Region

Coastal regions are located at the intersection of the land and sea (Brocx et al., 2009), which are
intricate and complicated interfaces where the various competing forces of nature and human
activities interact and intertwine in a manner (Reckermann et al., 2022) which is extraordinary.
This convergence of nature and human activities is actually the convergence of vastly different yet
extremely interconnected worlds, which results in the creation of unique landscapes that are
characterized by their ecological richness and social significance (Allam and Jones, 2019).

The climate dynamics encompasses a variety of meteorological factors such as temperature, wind
patterns, atmospheric pressure, and precipitation, which cumulatively create the distinct local
meteorological conditions, exclusively found in coastal areas (Awour et al., 2008). The proximity
to expansive water bodies effects sea breezes and temperature gradients. These meteorological
variations are the quintessential factors that shape and define the microclimates of the coastal areas
(Ramamurthy and Sangobanwo, 2016). The interplay, which exists between air masses and
humidity, not only governs but also dictates weather patterns that play a vital role in influencing
the rates of evaporation, cloud cover, and storm occurrence (Trenberth et al., 2003). These
meteorological relationships, in turn, impacting and influencing plant growth, water availability,
and soil stability, thereby forming a foundational layer of coastal dynamics (Hobohn et al., 2021),
that is deeply interrelated.

The intricate web of coastal regions is greatly influenced by the crucial link formed by
geomorphology. The movement of sediment is steered by the various geomorphological processes,
which in turn creates beaches, dunes, cliffs, headlands, valleys, marshes, estuaries etc (Viles and
Spencer, 2014). These coastal landforms play a significant role in regulating sediment transport,
erosion rates, and the distribution of habitats (Jackson and Nordstrom, 2011. The web of coastal
ecosystems is deeply interconnected by the complex mechanisms of geomorphology (Viles and
Spencer, 2014).

Forests play a crucial role in connecting local meteorology, geomorphology, and the coastal
environment (Alongi, 2022), acting as a bridge between these interconnected systems, they hold a
pivotal position. The forest canopy has the ability to regulate temperatures in the local area, both
through shading and transpiration (Rahman et al., 2020. Additionally, the intricate root systems of
forests are able to stabilize soil, combatting erosion and landslides (Pramova et al., 2012). The
significance of forests extends beyond their physical attributes, as they are also able to influencing
microclimates (Ewers, 2013). These lush ecosystems are an essential component in maintaining
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the delicate equilibrium of the coastal environment, forming a critical thread that binds together
various elements.

Wetlands play an integral role in the interconnected dynamics of coastal environments, influencing
various factors such as meteorology, geomorphology, forests, and overall resilience (Lopes et al.,
2022), thereby having the ability to moderate local weather patterns, stabilize temperatures, and
impact nearby areas, thereby playing a crucial role in the overall ecosystem. Wetlands are also
responsible for shaping landforms and habitats, and their sediment-trapping abilities have a major
impact on coastal geomorphology (Reed et al., 2009), Additionally, they support biodiversity and
ecological interactions, thereby enhancing forests (Viles and Spencer, 2014). Also, wetlands act
as natural defenses against natural calamities, such as storms and tsunamis, by absorbing water
and dissipating wave energy (Ostling et al., 2014), thus mitigating erosion.

The convergence of local meteorology, geomorphology, and forests results in the coastal
environment, which serves as a nexus (Ward et al., 2016). Due to their proximity to the ocean,
coastal regions are highly susceptible to meteorological shifts, such as sea-level rise and storm
surges (Karim and Mimura, 2008). The imprint of geomorphology is readily apparent in the
formation of shorelines, which impact sediment dynamics, erosion rates, and habitat availability
(Viles and Spencer, 2014). Coastal forests serve as natural guardians, protecting the coasts from
erosion, stabilizing dunes, and contributing organic matter to adjacent marine ecosystems (Alongi,
2022). These complex relationships culminate in an ecosystem that facilitates a variety of life
forms, human activities, and ecological functions. It is important to recognize and appreciate the
relationships of these interactions (Allam and Jones, 2019), as they play a crucial role in
maintaining the health and vitality of the coastal environment.

Moreover, the complex interrelationship of various factors such as local meteorology,
geomorphology, forests, and the coastal environment is not just a static framework but a dynamic
web of relationships that continuously evolve. The interactions among these elements can have
far-reaching implications for coastal vulnerability, resilience and the overall health of ecosystems
(Naylor et al., 2017). Furthermore, these interconnected elements play a critical role in molding
the coastal environment and its ability to withstand natural hazards (Pelling and Uitto, 2001). It is
therefore essential to understand the delicate balance between these factors to ensure the long-term
health and sustainability of the coastal ecosystem.

11.9 Imbalances and Increasing Coastal Vulnerability

However, human influence is the biggest factor affecting the coastal environment and causing
imbalance. With the increasing human population, the dynamics of local meteorology,
geomorphology, forests, and the coastal environment are becoming more complex (Michenar et
al., 1997). Urban growth leads to the destruction of natural habitats such as forests, wetlands, and
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sand dunes. This exacerbates imbalances in ecosystems and geomorphology (Nicholls et al.,
2007).

As more land is cleared for housing, infrastructure, and industries, the protective functions of
coastal forests are getting compromised (Lewsey and Kruse, 2004). This is especially problematic
as these forests help to regulate weather patterns and stabilize the surrounding land. Additionally,
the filling and draining of wetlands due to human activity disrupts their hydrological balance, their
protective functions are compromised and increasing the vulnerability of coastal areas to erosion,
flooding and habitat loss (Moomaw et al., 2018). This all disrupts coastal environmental vital
functions which is causing unpredictable changes in microclimates.

High population densities in coastal urban areas result in the formation of "urban heat islands",
which are characterized by temperatures that are considerably higher than those in nearby rural
areas (Silva et al., 2018). These heat islands have a significant impact on local meteorological
patterns, including wind flows and cloud cover (He, 2018). As a result, the altered local
meteorology affects the coastal areas by influencing storm tracks and precipitation (Karl et al.,
1997).

Also, haphazard development in the low lying areas is the primary driving force behind coastal
modifications, such as seawalls, land reclamation etc. Though the primary goal of these projects
is to safeguard human assets however, the impact of such interventions lead to unintended
consequences, such as the alteration of coastal geomorphology, modified coastal hydrodynamics,
and eventually alter local meteorology and the influence of erosion patterns (Zhang et al., 2015).
Resultantly, it leads to an increased vulnerability neighboring areas. These changes can have far-
reaching consequences on coastal ecosystems and the communities that rely on them, highlighting
the complex interactions between these elements.

On the top of it, at the global scale, climate change is a powerful amplifier of coastal vulnerability
at the regional level, notably in the tropical and subtropical areas. The release of greenhouse gases
has resulted in rising temperatures, sea-level rise, and changes in precipitation patterns (Kjellstrom
and McMichael, 2013), these changes have an impact on all interrelated parts.

The presence of feedback loops and cascading effects is a fundamental component of these
interrelated processes. When one ingredient is disrupted, it triggers off a sequence of events that
exacerbate the disruption (Linkov and Trump, 2018). For example, changes in precipitation
patterns might result in more violent and frequent storms, which impact other local meteorological
variables, biodiversity, and geomorphology in an area. This cycle can generate a self-reinforcing
loop, making it more difficult to restore natural equilibrium; also, the combination of these
elements adds to an increased risk of extreme weather events and coastal hazards.

11.10 Case Study of the Coastal Tracts of South Goa
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Without a doubt, the coastal regions of South Goa are a perfect illustration of this complex
interplay, where the interconnected strings of natural processes and human activity are deeply
shaping the risk profile of the study areas.

Over the last two decades, from 2000 to 2020, coastal regions in South Goa have seen substantial
and diverse transformations. During this time, the region's landscape saw tremendous
transformation, owing to influences ranging from urbanisation and tourism to population shifts
and environmental changes.

An upsurge in tourism activities, credited to South Goa's clean coastline and cultural attraction,
brought in a wave of socioeconomic effect and demographic shifts, as migrants sought
employment in the expanding tourism industry. However, this population transition brought with
it new issues in urban planning and cultural preservation. The natural landscape has changed as a
result of these developments, with agricultural and wetland regions being converted into urban
areas. Climate change has played a significant effect, with rising temperatures, shifting rainfall
patterns, and increased cyclonic activity in the Arabian Sea exacerbating vulnerabilities,
particularly in coastal and urbanised areas.

11.10.1 Synergistic Effects Between Climate Trends and Anthropogeomorphic Impacts

The AGP study of Mormugao taluka indicates a significant degree of human influence induced by
urbanisation and industrial activity. This dense human presence directly adds to the urban heat
island effect, which leads to higher Land Surface Temperatures (LST) and Maximum
Temperatures (Tmax) as discovered in the climatic trends analysis. Heat retention is amplified by
the dense built environment and industrial zones, altering local microclimates and compounding
the observed temperature rise. Additionally, changes in land cover caused by anthropogenic
activity can influence local wind patterns, influencing temperature distribution and humidity
levels. Thus, the interaction between AGP effects and climate changes highlights a localised
feedback loop in Mormugao, where urbanisation pushes greater temperatures and changed
climatic conditions.

The climatic trends investigation showed a significant increase in Land Surface Temperature
(LST) and Maximum Temperature (Tmax) in Salcete (around Margao city, where urbanisation
and infrastructure expansion are important AGP influences. The increase in urbanisation
intensifies the urban heat island effect, increasing heat retention in densely populated regions. As
a result, urbanised areas experience greater temperatures than neighbouring areas, resulting in a
localised climatic impact. The synergy between AGP effects and climatic trends is visible in how
faster human activities contribute to changing microclimates, validating the idea that rapid
urbanisation exacerbates the local warming effect in Salcete.
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The specific AGP effect pattern of Quepem taluka, with higher recorded geomorphological
alterations, matches to localised climatic patterns. The modest rise in Land Surface Temperature
(LST) and Maximum Temperature (Tmax) corresponds to the landscape's moderate anthropogenic
effect. The less visible human changes result in weaker localised temperature fluctuations. The
synergy in Quepem shows how the extent of AGP effects is closely related to the extent of climate
deviations, highlighting the significance of understanding localized variances between human
activity and climatic responses.

The complex AGP impacts find alignment with localized climatic patterns in Canacona.
Canacona's balanced human-induced geomorphological changes correspond to a slight rise in
Land Surface Temperature (LST) and Maximum Temperature (Tmax). The interaction here shows
how the complex linkages between human activities and the surrounding environment result in
relatively quantifiable climate variations. This complex synergy demonstrates how even little AGP
influences can lead to detectable local climate patterns.

Therefore, the localized synergistic effects of climate trends and AGP impacts show how human
activities, such a urbanization and agriculture, strongly alter microclimates and climatic indicators
in South Goa's coastal tracts. The link between human activities and climate reactions is not
consistent, but rather varies according to the strength and type of anthropogenic impacts in
different talukas.

11.10.2 Synergistic Effects Between Climate Trends and Coastal Vulnerability

There is a definite synergistic impact between the two assessments, Climate trends and Coastal
vulnerability in the coastal tracts of South Goa. These two points of view interact to create a more
complete picture of the region's dynamics.

The first study focuses on climate trends and identifies shifting patterns in climatic indicators. It
revealed the changing meteorological processes in the study area, as well as the impact of human
activity on these patterns. This data serves as the foundation for comprehending the larger context
of the region's climate variations.

The second study concerned with coastal vulnerability, puts into perspective these detected
climatic changes in terms of potential threats and issues. This study highlights the real-world
consequences of the shifting climatic trends revealed in the first analysis by examining
vulnerabilities to variables such as sea-level rise, and storm surges arising due to the influence
of human activities. The initial analysis' findings provide critical inputs for understanding how
shifting climate trends may contribute to vulnerabilities in the region.

These two analyses work in unison to provide a powerful synergy. The first study provides
information regarding changing climatic conditions that may have an influence on the region's
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susceptibility. The second study analyses those climatic changes and projects their effects on the
area's susceptibility. The two viewpoints complement and enrich one another, providing a more
comprehensive and inclusive analysis of the difficulties and opportunities confronting South Goa's
coastal areas. This synergistic impact eventually directs researchers, and policymakers in
developing comprehensive solutions that take into account both climate trends and vulnerabilities
in order to create a more sustainable and resilient future.

11.10.3 Synergistic Effects Between LULC Changes and Coastal Vulnerability

The complicated relationship between the two studies reveals an explanation of urbanization-
driven vulnerability in Marmugao taluka. The depiction of haphazard built-up area development
in the first study corresponds strikingly with the vulnerability patterns shown in the second
analysis. Urban growth increases exposure to coastal disasters. As settlements encroach on natural
buffers like wetlands and forests, the area becomes more vulnerable to sea-level rise and storm
surges. This loss can be observed in the first study' negative vegetation cover changes, revealing
the concrete impact on ecosystem resilience. According to the first investigation, vulnerability
growth rates in the built-up and agricultural categories reflect the increasing vulnerability stated
in the second analysis.

The dynamics of Salcete taluka display a relationship between urbanization and vulnerability. The
first investigation highlights the increase of built-up regions as a result of the ever-
increasing tourism industry and urban development, repeating the vulnerability patterns shown in
the second analysis. The urban expansion on natural land cover like wetlands and forests confirms
the area's higher vulnerability to coastal disasters. This ecological conversion is consistent with
the first investigation's conclusions, emphasizing the significance of protecting these habitats. The
first investigation found mixed trends in forest cover vulnerability, emphasizing conservation
potential. The delicate relationship between urban growth, ecological change, and vulnerability
emphasizes the need for a coordinated strategy in order to address the growing coastal
vulnerabilities.

Quepem provides a detailed examination of the interaction of natural processes, human influence,
and vulnerability. The modest decline in vegetation cover discussed in the first study is linked to
the vulnerability dynamics discussed in the second. While the area's geography and forest cover
may make vulnerability levels appear to be lower, the potential for disturbance due to human
activity is clear. The first investigation identified patterns of slight agricultural expansion, which
added to vulnerability concerns. The observed vulnerability growth rates in different categories
are also consistent with the modest changes in land use practices. This exacerbated link represents
the delicate equilibrium between natural resistance and human-caused alterations in determining
vulnerability in Quepem.

212



Canacona taluka, as underlined by both investigations, encompasses an intriguing report of
human-induced vulnerability. The oscillations in agricultural patterns, deforestation, and land-use
changes indicated in the first study closely match to the increased vulnerability patterns outlined
in the second analysis. The change of natural environments in the low lying areas particularly
wetlands and forests to built-up regions and agricultural land significantly increases
its vulnerability to coastal hazards. The insufficiency of planning methods and development, as
revealed in the first investigation, corresponds strongly with the identified vulnerabilities in
Canacona. To successfully address the rising issues in Canacona, quick and informed solutions
that account for the delicate interaction of sustainable development and human-caused
vulnerabilities are required.

An investigation of the synergistic impacts of the two methods reveals a complex web of
interconnection in each of the four talukas. The fragile relationship between urbanization,
ecological shift, climate change, and growth agendas highlights the difficult challenges of
managing coastal vulnerabilities. These links highlight the importance of holistic strategies that
thoughtfully integrate environmental preservation and developmental priorities, emphasizing the
need for strategic interventions to protect South Goa's coastal tracts from the escalating impacts
of sea-level rise, storm surges, and evolving human influence.

11.10.4 Synergistic Effects Between Anthropogeomorphic Impacts and Coastal
Vulnerability

The effects of anthropogenic activity in Marmugao, as indicated in the first investigation, reveals
that human influence has left a substantial impact on the landscape. The AGP@E model has
classified Marmugao as having "severe" effect due to urbanisation, infrastructural growth, and
industrial activity which identified urban expansion as a primary driver of influence coincides with
the vulnerability assessment findings in the second investigation. The rapid development of built-
up areas, as evidenced by increased vulnerability growth rates, demonstrates how urbanisation
increases these regions' vulnerability to coastal hazards.

Salcete highlights different patterns of human influence, as seen in the first investigation, with
AGP impact ratings indicating significant increases over time. This acceleration is consistent with
the results of the vulnerability assessment and is linked to dynamic factors like urbanisation and
infrastructure development primarily in the low lying areas of Zuari floodplains. The increased
vulnerability growth rates in Built-Up regions highlight how vulnerable people are affected by
more urban growth. A result of human activity identified in the impact analysis is the conversion
of ecosystems like wetlands and water bodies to built-up areas, which is consistent with the
vulnerability assessment's worries about encroachment on important ecosystems. Thus, the
findings of the two studies coincide to highlight the need of addressing how urbanisation shapes
vulnerability as well as the need to protect ecological components.
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According to the first investigation, Quepem has relatively moderate AGP impact ratings,
indicating more modest levels of anthropogenic geomorphological alterations. This is consistent
with the vulnerability assessment findings that a lesser percentage of land in Quepem was
impacted. However, the impact study highlights that human influence can result in alarming land
use changes and declining land cover even in places with minimal impact, increasing vulnerability.
Due to this synergy, it is clear that even relatively little anthropogenic influences can have an
impact on vulnerability.

The AGP impact research highlights the complex relationship between human activity and
the natural landscape of Canacona. The result of the first investigation is consistent with
the vulnerability assessment. Together, the three primary effect drivers of urbanisation,
deforestation, and land use changes lead to increased vulnerability to sea level rise. The
vulnerability assessment underlined the concern that the conversion of wetlands and forests into
populated areas and agricultural land increases vulnerability and disturbs the natural
environmental balance. The vulnerability assessment makes note of the effects analysis's
discussion of inadequate planning and development practices, which contribute to a lack of
resilience to sea-level rise.

11.11 Summing-up

The comprehensive and methodical evaluation presented in the current thesis serves as a
compelling call for immediate action, highlighting the critical need for strategic interventions that
can cautiously balance environmental preservation, development and social equity. As the
vulnerable surroundings shifts and evolves, a requirement to promote and reinforce community
resilience, as well as inclusive access to crucial resources, is becoming a necessity that requires
immediate attention.

The complexity of coastal vulnerability in low-lying coastal areas is not only touched upon in this
thesis, rather, it is investigated in a comprehensive manner, revealing the multiple dimensions of
the problem and its complicated interrelationship with ecology, development, and significant
socioeconomic factors. This highlights the fundamental interconnectedness of these factors, which
all need to be carefully integrated in coordinated attempts to address and mitigate the complex
problems caused by the complex interactions between coastal hazards and the widespread impact
of human activity. This study serves as a call for intervention for an integrated, holistic,
and interdisciplinary strategy, to provide a thorough plan for tackling all the possibilities and
challenges coming from the growing vulnerable coastal environment.
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Chapter-12
Conclusion and Recommendations

12.1 Conclusion

This doctoral study comprehensively investigates the coastal vulnerability of South Goa in the
face of global environmental challenges, particularly focusing on the UN Decade on Ecosystem
Restoration (2021-2030). Utilizing a holistic and interdisciplinary approach, the research
addresses the complex dynamics of coastal ecosystems, emphasizing the urgency of understanding
and mitigating potential consequences of hazards. The analysis covers climate trends, land use
changes, anthropogenic impacts on geomorphology, beach litter, air quality, sea-level rise, and
social vulnerability. Results reveal intricate relationships between meteorological processes,
human activities, and the region's climate trends, emphasizing the need for strategic interventions.
The study also introduces the AGI@E model, assesses beach litter as a proxy for human influence,
analyzes air quality as an indicator of increasing human presence, and evaluates vulnerability to
sea-level rise. Social vulnerability is addressed, filling a crucial research gap. Specific
vulnerabilities and recommendations are outlined for each taluka in South Goa, emphasizing the
importance of sustainable development, environmental protection, and proactive measures.
Various points regarding the conclusion are as follow:

* Interdisciplinary Approach
The holistic and interdisciplinary approach provides a comprehensive view of South Goa's
coastal vulnerability, incorporating diverse parameters to ensure a thorough understanding.

* Climate Trends and Human Influence
Climate trend analysis highlights the evolving meteorological parameters over four decades,
showcasing the impact of urbanization, tourism, and population growth on temperature
patterns. Increasing cyclonic activities are linked to rising sea surface temperatures,
influencing rainfall.

* Land Use Changes and Development
Anthropogenic-induced developmental activities contribute to land use changes, emphasizing
the struggle between economic growth and environmental preservation. Tailored approaches
for each taluka are essential for effective decision-making.

* AGI@E Model
The newly derived “Nigam-Kotha model of AGI@E” proves robust in assessing anthropo-
geomorphic processes, validating its accuracy in South Goa. Different talukas exhibit varied
levels of impact, necessitating strategic interventions.
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* Beach Litter and Air Quality
Beach litter serves as a proxy for human influence, revealing the impact of COVID-19
lockdowns on coastal vulnerability. Air quality analysis indicates increasing pollution levels,
emphasizing the need for improved waste disposal practices.

* Sea-Level Rise Vulnerability
Vulnerability assessments highlight the dynamic nature of vulnerability across talukas,
accentuated by urbanization, deforestation, and land use changes. The urgency of addressing
mounting vulnerabilities is emphasized.

* Social Vulnerability Assessment
The comprehensive social vulnerability assessment, through the Composite Vulnerability
Index (CVI), offers insights into spatial variability. Villages in floodplains show higher
physical vulnerability, necessitating tailored interventions.

* Taluka-Specific Vulnerabilities
Taluka-specific vulnerabilities are outlined, emphasizing the need for strategic interventions
in Marmugao, sustainable urban planning in Salcete, balanced development in Quepem, and
community-based initiatives in Canacona.

* Importance of Sustainable Development
The findings underscore the importance of sustainable development, environmental protection,
and proactive measures. Balancing economic growth with ecological preservation is crucial
for mitigating coastal vulnerability.

* Role in Decision-Making
The study provides a robust framework for determining coastal vulnerability, offering essential
data for informed decision-making, disaster management, and environmental planning at
various governance levels.

In conclusion, the study highlights the intricate relationships shaping South Goa's coastal
vulnerability, underscoring the need for immediate action to foster resilience and sustainable
development in the face of escalating environmental challenges.

12.2 Recommendations

The following comprehensive recommendations are tailored to tackle the specific challenges and
vulnerabilities unearthed in this doctoral study, with the aim of fostering more sustainable and
resilient development in the coastal tracts of South Goa.

* Sustainable Urban Development:

In talukas such as Mormugao, Salcete, and the coastal tracts of Canacona experiencing rapid
urbanization, sustainable practices are imperative. This involves strategic land use planning that
harmonizes economic growth with environmental preservation. Measures include zoning
regulations prioritizing green spaces, incentives for sustainable development, and infrastructure
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projects aligned with local geomorphology and ecosystems to safeguard critical ecosystems and
wetlands.

* Conservation of Natural Ecosystems:

Talukas like Quepem and Canacona, characterized by significant forest cover, hilly terrain, and
coastal and riverine floodplains, necessitate a focus on conserving natural ecosystems. Enforcing
stringent regulations against deforestation, land degradation, and encroachments into water bodies
and wetlands is pivotal for mitigating vulnerability.

* Coastal Flooding Preparedness:

Enhanced preparedness for coastal flooding, triggered by storm surge and sea-level rise, is
essential. This entails developing coastal defenses like sand dune conservation and embankments,
along with adaptive strategies for coastal communities. Integrating sea-level rise threats into urban
planning and infrastructure projects across talukas is vital for resilience.

¢ Resilient Infrastructure:

Given climate trends and heightened coastal vulnerability, investments in resilient infrastructure
are critical. Timely aid facilities must be consolidated along coastal tracts and floodplains. This
includes infrastructure capable of withstanding extreme weather events and preserving coastal
ecosystems, such as sand dunes, dune vegetation, and wetlands, which act as natural buffers.

* Air Quality Improvement:

The study identifies an increase in SO2 and Particulate Matter (PM), especially post-monsoon. To
improve air quality, particularly in towns like Vasco da Gama, measures should be implemented.
This involves promoting renewable energy sources, cleaner transportation options, and effective
waste management. Additionally, curbing open-air waste incineration, prevalent in the study area's
villages, requires efficient management.

* Litter Reduction Campaigns:

Recognizing the impact of tourism-related litter on the coastal environment, a focus on responsible
waste disposal and eliminating single-use plastics is essential. Litter reduction campaigns can
significantly mitigate beach litter and its adverse effects on the coastal ecosystem.

*  Community Engagement:

Engaging local communities, social workgroups, college students, and NGOs is pivotal in
monitoring and addressing environmental issues. Volunteers can contribute to keeping beaches
clean, raising awareness about reforestation, wetland conservation, waste management, and
addressing local and global environmental problems. Promoting environmental education through
online courses, regular webinars, and virtual initiatives can effectively sensitize the local
population for the overall betterment of their neighborhoods.
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Appendices

Supplementary Table-1 Rationale and Concept behind the variables used in the Nigam-Kotha model
of AGI@E

Parameters | Concept Rationale Source
Ecumene The term is derived from | Human influence upon | Land  Use
Pressure an ancient Greek word geomorphology starts | Land Cover
"oecumene" which when an uninhabited land
referred to the known area gets transformed to | classification
world or the habitable pursue anthropogenic | mapping
world. activities. Hence, the
In modern times ecumene | direct impact of
refers to any inhabited land | anthropogeomorphic
or “the area under human | process is evident only in
influence”. the ecumene.
Ecumene Human pressure upon the | Instead of population | Population
population | land increases with the | density of an | Census
density increment  in  human | administrative area, A
population because | novel  approach  of
humans  require  land | ecumene population
resources to  survive. | density is considered in
Therefore, higher the | this study because an
density of the population, | administrative unit can
greater will be the pressure | have a large part under
upon limited terrestrial | non-ecumene zone
resources. (forest, waste land, water
body etc.) which
minimizes actual
population impact upon
the land resources.
Iliteracy (in | Illiteracy indicates level of | Illiteracy is a major Population
%) education, which is a determinant in lowering | Census
necessary condition to the impact of AGP in an
form a public degree of area. First, an illiterate
perception (Nir, 1983) to individual or a society
utilize limited land would find it very hard to
resources in a sustainable | understand the concept of
way. sustainable development
due to lack of knowledge
which would increase the
AGP impact and second,




they would not try
mitigate the negative
effects already induced
by the AGP due to lack
of perception.

Population
Below
Poverty
Line (in %)

Below poverty line
population is generally
conceived as the section of
society ~ which  lacks
minimum sufficient
resources (financial and
materialistic) to maintain a
satisfactory lifestyle.

It becomes an important
determinant in restricting
the AGP impacts because
it encourages the over-
exploitation of resources
(land, water etc.) to fulfil
the needs and discourages
the sustainable use of
resources wherever
possible.

Population
Census

Rock type

A rock is the parent
material which forms a
landform. Hence, rock
erodability determines how
stable or fragile a landform
would be when the
processes start acting upon
it.

Rock type denotes the
ability of the rock to resist
erosion  induced by
different geomorphic
processes (hard rock and
soft rock). The erodability
of'a rock is determined by
the type and material by
which it is formed.
Higher the erosion rate
greater the risk of AGP
impact.

Field survey

Slope

Steepness refers to the
range between the highest
and the lowest point of a
landform or a land surface.
Lower degree of steepness
is favorable for
anthropogenic activities
because it provides
stability while the higher
degree of slope is
conductive to landslides
consequently higher
amount of erosion

Slope degree define that
the higher the degree of
slope of an ecumene,
higher would be the AGP
pressure thus, greater
would be the magnitude
of landform
modifications.

DEM

Aspect
(Rain)

The ‘windward side’ of a
landforms experiences
more amount of rainfall

The windward aspect of
an ecumene becomes
highly prone to chemical
weathering and erosion

DEM
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compared to the ‘leeward
side’.

due to rainfall
penetration which
increases the AGP stress
many-folds. On the other

high

hand, the intensity of
rainfall gets reduced
away from the windward
side leading to low
chemical weathering.

Aspect The solar  insolation | Regions (landforms) | DEM

(Solar) increases the rock | which  directly  face
temperature  during the | sunlight for longer period
daytime and during the | of the day are more
night time, the rock loses | susceptible to exfoliation
heat received during the | weathering (onion
insolation process. This | weathering). because they
process goes on diurnal | face larger range of
basis and eventually top | temperature fluctuation
layers of the rock start | during the day and night
experiencing  weathering | times than those which do
due to continuous | not directly face the
fluctuation in the | sunshine. If AGP is also
temperature. working in the region
Consequently, it becomes | where exfoliation
weaker over a period of | weathering is active then
time. increment in the AGP

stress is  guaranteed
because it would increase
the weathering rate thus,
rapid modification in
landforms.

Climate Climatic variables such as; | Wet  tropical climate | Meteorologi
precipitation, temperature, | produces the highest | cal database
wind speed and direction | amount of rain hence,
etc. are the sources of | higher rate of erosion. On
different geomorphic | the other hand, hot and
processes. These processes | dry desert climate have
further carve the landforms | one of the lowest erosion
of the region and defines its | rate amongst all the
geomorphology. climate type. Hence,

different climate have
different intensity of
landform erosion.

Hazard Natural processes of low Hazard parameter Disaster
frequency and high describes the presence of | management
magnitude generated by different natural hazards | authority
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endogenetic and in an area which could

exogenetic energy of the strike and act upon a
earth are nothing but landform as a
geological and geomorphic | geomorphic process.
processes which However, this impact
negatively impact human | could get exponentially
lives and assets. increased if the AG

process is also dominant
in the given area. The
hazard and AGP would
together bring severe
modifications in a
landform.

Supplementary Table-2: Different land-use impact on geomorphology

Land-Use/
Anthropogenic
activities

Impact on geomorphology

Forest

The rate of forest destruction worldwide, particularly in the tropics, has
been unprecedented. The removal of forest cover starts the surface
modification process since it reduces the surface's ability to absorb water
during rainfall. As a result, severe rain can wash away top soil containing
humus, making revegetation virtually impossible. Aside from soil
conservation, forest foliage, litter, and roots absorb water, slowing surface
runoff and increasing infiltration. On an average, water infiltration is 7-8
times higher and surface runoff is 2-3 times lower in wooded regions than
in non-forested areas (Illes and Konecsny, 2000).

Agriculture

Agriculture is the oldest land use activity with geomorphic influence since
tillage clears all vegetation and drastically alters surface runoff patterns,
resulting in rapid soil erosion and a reduction in water retention capacity
(Loczy, 2010). Any landform generated by wind erosion can be modified
indirectly by agriculture, but the direct impact on geomorphology is the
construction of terraces and levelling of the land (Loki, 2010). Agricultural
terraces, in fact, have the greatest impact on landform modification of any
human activity since they affect not only landforms but also soil, climatic,
fluvial, and biogeographic conditions (Csorba and Zsadanyi 2003).

Grassland

Similarly, converting grassland to farmland increases soil erosion and land
modification since grassland has a limited surface modification ability in
comparison to agriculture and built-up activities where grass growth and
consumption are balanced. Thus, grassland only causes geomorphic
changes when this balance is disrupted (Toth, 2010).

Mining

Large-scale mining operations have emerged during the nineteenth century.
This human activity produces geomorphic landforms through extraction
(huge hollow land, valleys etc.) as well as accumulation (plateaux and
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slopes). These landforms are a result of mining operations and have one of
the most significant geomorphic effects because they force geomorphic
processes to define a new state of equilibrium (Suto, 2010). Different
landforms formed during excavation can be classified into three types:
macroforms, mesoforms, and microforms (David and Patrick 1998;
Karancsi, 2000; David, 2000).

Built-Up Built-up areas have the smallest land surface area globally, yet their
geomorphic impact is the most intense of all anthropic activities.
Concretization not only seals the surface but also suspends the functioning
of natural processes. Building debris and garbage accumulation lead to
landfills, which alters the drainage extent. Excavation and surface planation
during construction destroy minor geomorphic features and cause erosion,
mass movements along slopes (Szab6 1993), and cave in manmade hollows
(Gélos and Kertész 1997).

Terrestrial Terrestrial transportation lines are built in small strips with a linear design,
transportation but they have the greatest impact on geomorphology by creating steep
slopes that lead to natural landform instability (David et al., 2010). A four-
lane one-kilometer highway stretch with a width of 92 feet consumes
approximately 8 hectares of land area during construction. While the
development of inland canals necessitates the removal of thousands of
millions of cubic meters of dirt, railways have a lower slope grade but
require deeper cutting.

Pipeline Pipelines, which are often thought to have a minor influence on the
environment, have the maximum impact on geomorphology of all since
they are topographically independent and are planned for the shortest route
possible, resulting in the cutting of all landforms that come along the route
(David et al., 2010).

Acid rain Additionally, although minor and difficult to quantify, air pollution
contributes to erosion. When air pollutants (so2, no2, ammonia) reach a
considerable amount in the atmosphere, they return to the surface in the
form of acid rain, which promotes chemical weathering and consequently
increases erosion.

Water resource Moreover, flood control methods and water resource management directly

management and indirectly alter local terrain morphology by creating new landforms
and processes by preventing and accelerating sedimentation and channel
erosion.

Supplementary Table-3 Showing Physical variables significance and source with respect to coastal
vulnerability.

S Variable | Derived | Significance Source | Year Ground Truth
No. by
1 Coastal | Referred | Locations with | ETOPO | 1971- | The devastating Indian
Slope to CVI | gentle slope are | 2 1984 | Ocean tsunami in 2004
(Degree) | of Goa | more prone to | bathym had a profound impact
coast by | flooding as | etric on the coastal
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Kunte et | gentle slopes | dataset Indonesia. The coastal
al. retreat faster than | from areas with gentle slopes
steeper slope and | the were more vulnerable
wave energy can | NIO, to the powerful tsunami
penetrate far | Goa waves that penetrated
inland due to less far inland, causing
frictional  force widespread destruction.
restricting it. The lack of natural
barriers and the flat
terrain allowed the
waves to travel much
farther inland, causing
more extensive
flooding.
Coastal | SRTM Coastal regional | SRTM | 2019 | The 2011 Tohoku,
regional | 30m elevation is an |30 m Japan earthquake and
Elevatio | DEM, important DEM resultant tsunami
n (m) using parameter as it highlighted the
QGIS provides an importance of coastal
estimate of the elevation in tsunami
extent of land vulnerability. For
threatened by example, Aonae city
projected SLR suffered less severe
(Kumar and impacts due to its
Kunte, 2012; elevated location on a
Kumar et al., hillside.
2010), as well as
the sensitivity of
the coast to
flooding during a
storm surge
(Diez et al.,
2007) or tsunami.
Hence, areas
with high coastal
elevation will be
considered less
vulnerable and
vice-versa
(Gornitz et al.,
1994).
Sandy Total Sandy coasts | Google | 2019 | The 2011 Tohoku,
coast sandy have gentle slope | Earth Japan earthquake and
(%) coast towards inland | and resultant tsunami
length in | which makes highlighted the
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each their inland areas | Digimi importance of coastal
village /| more vulnerable | zer elevation in tsunami
Total to coastal vulnerability. For
coastline | flooding. Higher example, Aonae city
length of | the amount of suffered less severe
each sandy coast in a impacts due to its
village x | given  transect elevated location on a
100. higher will be the hillside.
vulnerability.
Sand Dune Sand dunes | NCSC | Oct, | The Dutch coast along
dune areas protect the inland | M 2019 | the North Sea have
density | from area from | 2017, significant amount of
NCSCM | seawater Field sand dunes which
study intrusion during | Study critically protects low-
were high tides. Sand lying coastal areas from
digitized | dunes also act as flooding.
and a reservoir for
measure | future supply to
d wusing | maintain the
Digimiz | beach. Sparse
er sand dune areas
software | are more
vulnerable as
there is no
restriction in
between the
sandy beach and
inland areas.
Vegetati | Vegetati | Casaurina  and | Field Sept | The Tamil Nadu Forest
on on areas | coconut survey, | 2019 | Department established
behind in  the | plantation help to | Google casuarina plantations
the imagerie | decrease Earth along vulnerable
beach s were | cyclonic winds | Imageri stretches of the
measure | and storm waves | es and coastline. These
d using | energy which | Digimi casuarina plantations
DIgimiz | reduces risk of | zer act as windbreaks and
er inland damages. help protect coastal
software. | Dense vegetation communities from the
could lessen the destructive forces of
vulnerability cyclonic winds and
storm waves.
Rate of | Referred | Higher SLR | Annual | 1969- | The combination of
relative | to CVI | increment rate | mean 2017 | susceptible coastal
SLR (m) | of Goa | will increase the | relative flooding and the flat
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coast by | vulnerability as it | sea topography makes any
Kunte et | denotes level area highly vulnerable
al. increasing  the | data to coastal inundation.
risk of | from For ex. Bangladesh's
inundation in low | Indian significant human
lying coastal | Ocean population lives in the
areas. tide low-lying coastal plains
gauge
stations
1969-
2017.
Shorelin | Referred | Shoreline erosion | NCCR, | 2018 | Erosion along the
e erosion | to Indian | rate over a period | MoES coastlines has led to the
rate (m) | shoreline | of time indicates | 2018 loss of valuable land,
atlas, the sensitivity of including r
2018 the coast thus, infrastructure. For ex.
increased the Chesapeake Bay
vulnerability. region in Canada is
experiencing high
erosion due to SLR and
anthropogenic
activities.
Mean Referred | Coastal areas | NIO, 2011 | Low-lying coastal areas
tidal to with high tidal | Goa such as in West Bengal,
range National | range and low | India, Odisha states in India
(m) Institute | coastal regional | 2011 are particularly
of elevation are vulnerable to cyclones
Oceanog | highly and storm surges,
raphy, vulnerable. which periodically lead
Goa data to flood, erosion and
damage to
infrastructure.
Significa | Referred | The average | NIO, 2009 | The Bay of Bengal
nt wave | to height (trough to | Goa, coastal area is exposed
height National | crest) of one- | India to both high significant
(m) Institute | third of  the | using wave heights and storm
of waves in a wave | studies surges during cyclones.
Oceanog | spectrum for a | on The combination of
raphy, given period of | directio these factors leads to
Goa data | time (Kumar et | nal coastal flooding,
al., 2010). | waves erosion and eventually
Dwarakish et al. | off damage to
(2009) Mormu infrastructure and
considered gao human lives.
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significant wave | Port,
heights range | 2009
from 1.6 to 2.8 m

as  moderately
vulnerable.

10 | Plausible | Derived | Storm surge can | BMTP | 2019 | The surge height was
storm from destroy low lying | C, the major factor in the
surge Vulnera | coastal areas due | Ministr unprecedented
height bility to its  high- |y of devastation during
(m) Atlas of | intensity waves. | Home Hurricane Katrina

India, Thus, Surge | and which reached about 28
2019 height in any | Urban feet in some areas
region is an | Affairs along the Gulf Coast.
important (MoHU The storm surge
criteria. A) inundated low-lying
coastal regions in
Louisiana, Mississippi,
and Alabama states,
caused major flooding.

Supplementary Table-4 Showing socio-economic variables significance and source with respect to
coastal vulnerability.

S | Variable | Derived using | Significanc | Source Year Ground Truth
No e
1 Village Total High Census of | 2011 | Tokyo is the most
Populatio | population/ population | India populous cities in the
n Density | Total village | density in a world. The
area (Sq. Km) | region will combination of high
x 100 lead to population density and
higher the city's coastal
vulnerabilit location makes it
y due to vulnerable to coastal
high hazards. The
pressure on Fukushima nuclear
available disaster in 2011,
resources highlighted the risks
posed by coastal
hazards to densely
populated coastal
areas.
2 | Road Measured road | Low  road | Regional | 2019 | The Andaman and
Density length  from | density will | planning Nicobar Islands were
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regional lead to high | map  of severely affected when
planning map | vulnerabilit | Canacona, the Indian Ocean
using y as | 2021 and tsunami in 2004 had hit
Digimizer and | evacuation | Digimizer the islands. But more
calculated and damages to life
Total road | assistance occurred due to the low
length/ 100 Sq. | will be more road density on some
Km for each | difficult of these islands, which
village during  an had hampered the
emergency. medical aid and
evacuation efforts.
Total Digitized and | Higher the | Regional | 2019 | Palu, Indonesia
settlement | measured settlement | planning experienced a
area under | regional area under a | map  of devastating tsunami in
village planning map | coastal Canacona, 2018. The extensive
(%) of  Canacona | village, 2021 and settlement area along
taluka  using | higher will | Digimizer the coast increased
Digimizer be the exposure to the
software. exposure to tsunami hazard. The
coastal high population density
hazard thus, and significant
higher infrastructure within
vulnerabilit the settlement area
y. exacerbated the
impacts, leading to
widespread destruction
and loss of life.
Water No. of metered | Households | Statistical | 2016 | Cyclone Sidr in 2007,
supply connection/ without handbook |-17 | in Bangladesh had
through Total village | metered of Goa caused widespread
Pipeline population  x | water devastation. Many
(%) 100 connection households relied on
extract shallow tube wells for
groundwate freshwater, as they
r, could lacked metered water
become connections. The
vulnerable cyclone's storm surge
during salt led to saltwater
water intrusion into
intrusion groundwater sources,
due to a rendering the well
coastal water undrinkable.
hazard This left households

without access to safe
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drinking water,
exacerbating the
already dire situation
after the disaster.

Literacy Total literate | Higher % of | Census of | 2011 | Cyclone Phailin had
Rate population/ literacy India struck Odisha, India in
Total suggests 2013. The Indian
population x| better government's efforts to
100 decision promote literacy and
making disaster preparedness
capacity played a crucial role in
during a reducing vulnerability.
hazard, As a result, despite the
hence low cyclone's intensity, a
vulnerabilit large number of people
y were successfully
evacuated, which
significantly reduced
casualties and
mitigated the impact
on coastal
communities.
Dependen | Total village | Dependent | Census of | 2011 | The aftermath of
t population - | population | India Hurricane Katrina
Populatio | Total working | is always at highlighted the
n (%) population highest risk vulnerabilities of
(14-45 yrs.) = | as well as it dependent populations.
non- working | can Many elderly residents
population decrease the and those with limited
Then,  Total | efficiency mobility were unable
non-working of a non- to evacuate before the
population/Tot | dependent storm hit. The lack of
al village | person accessible
population x| during an transportation, shelters,
100 = | emergency and proper support
Dependent networks led to these
population in outcomes.
%
Female Total female | Generally, | Census of | 2011 The Indian
Populatio | population/ low literacy | India Ocean tsunami
n (%) Total village | rate along in 2004
population x| with  high disproportionat
100 malnutrition ely affected
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rate  make women in
them vulnerable
dependent coastal
population communities.
during the Low literacy
time of an rates and
emergency. cultural norms
restricted their
ability to seek
safety and
access
information.
Especially,
pregnant
women or
caring for
young children,
faced
challenges in
evacuating and
accessing
resources.
Populatio | Under 6 years | Illiteracy Census of | 2011 | The aftermath of
n between | population/ and lack of | India Hurricane Katrina
(0-6) Total village | physical highlighted the
years (%) | population x | efficiency vulnerabilities of
100 makes children. The
population evacuation process was
under 6 complicated by
years ensuring care and
dependent safety of children, and
population overcrowded shelters
and highly further increased the
vulnerable. difficulties faced by
families
Tourist Total  tourist | High tourist | Field 2016 | The presence of
Density visited/ Total | population | observatio | -17 | tourists on the island
(Person/S | village in a coastal | n and added complexity to
q- Km) population  x | village will | Directorat emergency response
100 increase e of and recovery efforts
their tourism, when the Hurricane
exposure Goa data Maria struck in Puerto
and add Rico in 2017. Tourists
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pressure on

faced challenges in

available accessing timely
resources information and
during a evacuating. Also, the
coastal stress on resources and
hazard. infrastructure impacted
the overall ability to
respond effectively to
the disaster.
10 | Settlemen | Settlement Due to high | Regional The Indian
ts between | areas  under | exposure to | plan  of Coastal
200m to | 500m HTL | coastal Canacona, Regulation
500m shown in | hazard, this | Goa, T Zone (CRZ)
from HTL | regional zone cannot | And CP, framework
planning map | have high | Goa specifies zones
of Canacona | concentratio along the coast
were digitized | n of with varying
and measured | settlement degrees of
using areas. restrictions on
Digimizer. development
activities,
within certain
distances from
the high tide
line, to protect
the coastal
environment
and reducing
vulnerability to
hazards.
11 | Settlemen | Settlement According | Regional The Indian
ts under | areas  under [to CZMP |plan  of Coastal
200m 200m HTL | 2019, CRZ- | Canacona, Regulation
HTL shown in | 3B zone | Goa, Zone (CRZ)
regional cannot have | Town and framework
planning map | any country specifies zones
of Canacona | permanent | planning, along the coast
were digitized | settlement | Panaji, with varying
and measured | developmen | Goa degrees of
using t under restrictions on
Digimizer. 200m from development
High tide activities,
line. They within certain
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arc

most
exposed and
vulnerable.

distances from
the high tide
line, to protect
the coastal
environment
and reducing
vulnerability to
hazards.

Supplementary Table-5 Land Use Land Cover statistics of the four taluka(s) located in coastal
South Goa during 2000 and 2020

Taluka Year [Built-Up |Agriculture [Barren land [Forest |Wetland [Water body
Marmugao | 2000 [16.02  |11.12 30.44 23.99 [6.92 2.39
Marmugao | 2020 29.49  [26.35 11.11 29.49 [5.89 1.61
Salcete 2000 44.70  [98.24 68.19 77.85 |[11.97 5.88
Salcete 2020 [74.44  [91.84 56.50 06431 [14.32 5.38
Quepem 2000 |11.63  [42.45 64.66 202.24 (1.16 1.90
Quepem 2020 |15.79  [43.88 62.57 198.68 [2.97 1.04
Canacona | 2000 [10.78  [49.11 40.95 285.64 (1.81 1.97
Canacona | 2020 |13.50  [55.06 38.24 277.90 4.70 0.80

Supplementary Table-6 Showing the amount of soil erosion (Tons/ht./yr.), proportion of the
amount among the total erosion (in %) and the growth rate (between 2000 & 2020) under

different levels of erosion during 2000 and 2020 in the study area.

Taluka Soil Erosion (%)

Slight Moderate High Very High Severe
Marmugao
2000 27 (27) 2(2) 2(2) 12 (12) 57 (57)
Marmugao
2020 28 (28) 33 6 (6) 10 (10) 53 (53)
Growth Rate | 3.70 50.00 200.00 -16.67 -7.02
Salcete 34(11) 26 (8.4) 39 (12.7) 66 (21.4) 143 (46.4)
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2000

Salcete

2020 17 (5.5) 5(1.5) 28 (9.1) 108 (35.2) 149 (48.5)
Growth Rate | -50.00 -80.77 -28.21 63.64 4.20
Quepem

2000 13 (4) 13 (4) 30 (9.3) 63 (19.4) 205 (63.3)
Quepem

2020 31 (9.6) 31 (9.6) 70 (21.6) 70 (21.6) 122 (37.7)
Growth Rate | 138.46 138.46 133.33 11.11 -40.49
Canacona

2000 19 (4.9) 12 (3.1) 31(7.9) 49 (12.6) 279 (71.5)
Canacona

2020 74 (19) 32 (8.2) 64 (16.4) 83 (21.3) 137 (31.5)
Growth Rate | 289.47 166.67 106.45 69.39 -50.90
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