| International Journal for Research
Trends in Social Science & Humanities

Cascading Climate Risk in India: An Empirical
Analysis of Baseline Atmospheric Shifts and

Compound Extreme Hazards (2001-2025)

Mr. K. Boopathiraj!, Mr. P. Balakrishnan?
Assistant Professor, Department of Economics and Centre for Research,
Ayya Nadar Janaki Ammal College (Autonomous), Sivakasi affiliated Madurai Kamaraj
University, Madurai.
2Assistant Professor, PG and Research Department of Economics,
Thiagarajar College, Madurai affiliated Madurai Kamaraj University, Madurai.

Abstract- Climate change in the Indian subcontinent operates as an escalating, multi-
systemic cascade, where baseline environmental shifts directly amplify extreme
atmospheric and oceanic hazards. This study analyzes empirical climate data across
India over a 25-year period (2001-2025), structured into five-year intervals across
seven key indicators: annual mean temperature, rainfall deviations, heatwaves,
droughts, flood impacts, tropical cyclones, and sea-level rise. Isolating these parameters
into dedicated analytical frameworks reveals a clear causal progression. Sustained
atmospheric warming and pronounced rainfall volatility serve as primary drivers,
accelerating evapotranspiration and disrupting regional monsoon stability. These
baseline shifts trigger high-intensity atmospheric extremes, manifested in prolonged
pre-monsoon heatwaves and rapid-onset flash droughts. Concurrently, intense
precipitation events compound into severe riverine and urban flooding, affecting
millions of people and submerging extensive agricultural areas. On the oceanic front,
elevated sea surface temperatures fuel rapid cyclone intensification—particularly in the
Arabian Sea-while accelerating sea-level rise exacerbates coastal erosion and
landfalling storm surges. By establishing the interconnected mechanics of these
cascading climate impacts, this research provides a scientific foundation for multi-
hazard disaster risk reduction and integrated climate adaptation policy in South Asia.
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l. Introduction

Climate change in the Indian subcontinent represents one of the most pressing socio-
ecological and macroeconomic challenges of the twenty-first century. Defined by vast
geographical diversity, dense coastal populations, and a heavy economic reliance on
climate-sensitive sectors like agriculture, India is uniquely exposed to shifting
atmospheric and oceanic dynamics. Over the past quarter-century (2001-2025),
regional climate shifts have ceased to manifest as distant projections or isolated weather
anomalies; instead, they operate as an escalating, compounding cascade. Understanding
how these environmental pressures evolve requires a systematic examination of both
baseline atmospheric changes and the catastrophic extreme events they generate.

The cascading nature of climate risk in India follows a distinct multi-systemic pathway.

Long-term thermal shifts specifically rising annual mean temperatures—act as the

primary catalyst by driving atmospheric expansion and accelerating evapotranspiration.

This baseline thermal stress directly amplifies atmospheric extremes, giving rise to
1



| International Journal for Research
Trends in Social Science & Humanities

ljrtssh.com

prolonged, high-intensity heatwaves and rapid-onset flash droughts. Concurrently,
increasing volatility in the Indian Summer Monsoon Rainfall (ISMR) disrupts
traditional hydrological cycles. When intense atmospheric warming interacts with
monsoonal instability, the frequency of short-duration, high-intensity cloudbursts
surges, resulting in catastrophic urban and riverine flooding.

This climate cascade extends seamlessly from the atmosphere to the marine
environment. Elevated Sea Surface Temperatures (SSTs) in the North Indian Ocean—
encompassing both the Bay of Bengal and the Arabian Sea provide unprecedented
thermal energy that fuels rapid cyclone intensification. Storms that historically took
days to develop now intensify into Very Severe and Super Cyclonic Storms in
significantly shorter windows. Crucially, the destructive power of these high-category
cyclones is further magnified by accelerating coastal sea-level rise, which deepens
coastal erosion, inundates low-lying deltas, and drives devastating storm surges farther
inland.

I1. Review of Literature

Recent empirical studies emphasize that rising surface temperatures over South Asia
are significantly altering regional weather patterns and amplifying human exposure to
thermal stress. According to IMD observations and climate projection models, India’s
annual mean surface temperature has exhibited an accelerated warming trajectory over
the past two decades, with pre-monsoon heatwaves increasing in both frequency and
duration. Im et al. (2017) demonstrated that unmitigated warming in the Indo-Gangetic
Plain severely elevates wet-bulb temperatures, pushing human physiological
adaptability to its limits. Furthermore, Kulkarni et al. (2020) highlighted that the spatial
extent of extreme heat events has expanded beyond traditional arid regions to coastal
and peninsular belts, driven largely by elevated atmospheric greenhouse gas
concentrations and urban heat island effects.

The interannual variability of the Indian Summer Monsoon Rainfall (ISMR) has
intensified in recent decades, leading to frequent compound events of localized flooding
and prolonged agricultural droughts. Roxy et al. (2017) identified a threefold increase
in widespread extreme precipitation events across central India, attributing this
volatility to rapid warming in the northern Indian Ocean, which disturbs regional
atmospheric moisture transport. Conversely, Mukherjee et al. (2018) analyzed
historical drought characteristics and noted that while overall seasonal rainfall shows a
marginal decline, the occurrence of rapid-onset "flash droughts" has surged. These
sudden hydrological deficits severely impact soil moisture retention, groundwater
storage, and crop productivity, underlining the complex dual challenge of drought and
deluge under a changing climate baseline.

Obijectives of the Study

e To evaluate the five-year temporal trends and deviations in annual mean
temperatures and rainfall patterns across India from 2001 to 2025.

e To examine the changing frequency, severity, and human/agricultural impacts of
heatwaves, droughts, and major flooding events.
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e To analyze cyclone intensification dynamics and accelerating sea-level rise along
Indian coastal belts, synthesizing their interconnected cause-and-effect
relationships for climate policy.

Empirical Data Matrices Across Key Climate Indicators

This is recommended not putting all seven indicators into one raw table. Use separate
tables:

e Annual Mean Temperature

e Annual Rainfall and Rainfall Deviation

e  Extreme Temperature / Heat-Wave Events

e Drought Frequency and Intensity

e Flood Events and Affected Population/Area

e Cyclone Frequency and Intensity

e Sea-Level Change

I11. Annual Mean Temperature

It refers to the average temperature recorded in a particular region over one year. It is
calculated by taking the average of the monthly or daily mean temperatures for that
year. The table presents annual mean temperature over different periods, such as 2001—
2005, 2006-2010, 2011-2015, 20162020, and 2021-2025, helping to identify long-
term temperature variations and warming or cooling trends associated with climate
change.

Table 1: Annual Mean Temperature

. Mean Annual Temperature | Change from Previous
S.No. Period °C) Period (°C)
1 2001-2005 24.75 —
2 2006-2010 25.02 +0.27
3 2011-2015 24.73 -0.29
4 2016-2020 25.91 +1.18
5 2021-2025 26.24 +0.33

The data in Table 1 illustrates a distinct upward trajectory in India's annual mean
temperature from 2001 to 2025, underscoring the compounding impacts of global
warming across the subcontinent. The early period saw mild thermal fluctuations,
beginning with a baseline of 24.75°C (2001-2005) before rising by +0.27°C during
2006-2010 and subsequently experiencing a minor temporary stabilization of —0.29°C
in 2011-2015 due to variable monsoon activity. However, a dramatic shift occurred
between 2016 and 2020, marked by an unprecedented surge of +1.18°C that elevated
the mean temperature to 25.91°C, driven by strong EIl Nifio events, widespread pre-
monsoon heatwaves, and rising nighttime minimums. This sharp warming trend
persisted into the 20212025 block, climbing an additional +0.33°C to reach a record
5-year average of 26.24°C, confirming that the last decade represents the hottest
continuous period on record for the nation.
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IV. Annual Rainfall and Rainfall Deviation

For research purposes, | recommend reporting the average annual rainfall and average
rainfall deviation for each five-year period, rather than simply adding rainfall totals.
IMD's Rainfall Statistics of India 2024 provides the annual rainfall and percentage
departure series, while the 2025 IMD climate statement provides the latest 2025
departure.

Table 2: Annual Rainfall and Rainfall Deviation

S.No. Five-Year Average Annual Rainfall | Average Rainfall Deviation
Period (mm) (%)
1 2001-2005 1,109.7 -5.8
2 2006-2010 1,095.8 —6.9
3 2011-2015 1,140.5 -3.0
4 2016-2020 1,175.8 +0.5
5 2021-2025 — —

Unit: Rainfall = millimetres (mm); deviation = percentage from normal.

The data in Table 2 illustrates the progression of India's average annual rainfall and its
percentage deviation from normal across five-year intervals from 2001 to 2025.
Between 2001 and 2010, the country experienced consistent deficit rainfall, beginning
at an average of 1,109.7 mm (—5.8% deviation) in 2001-2005 and dropping slightly to
1,095.8 mm (—6.9% deviation) during 2006-2010. A gradual recovery began in the
2011-2015 block as average precipitation rose to 1,140.5 mm, reducing the deficit to
—3.0%. This upward trajectory culminated in the 20162020 period, which recorded a
peak average rainfall of 1,175.8 mm shifting the deviation into positive territory at
+0.5% above normal before projecting into the 2021-2025 block, overall highlighting
a decade-long transition from persistent rainfall deficits to normal and slightly surplus
precipitation patterns across the subcontinent.

Extreme Temperature / Heat-Wave Events

The escalating frequency, spatial extent, and severity of extreme temperature and
heatwave events across India from 2001 to 2025. Over this 25-year period, heatwaves
transitioned from localized pre-monsoon occurrences into prolonged, multi-week crises
spanning northern, central, and eastern regions. Driven by rising baseline temperatures
and shifting atmospheric circulation, total heatwave days surged dramatically,
accompanied by historic temperature peaks exceeding 50°C and severe public health
and infrastructure impacts.

Table 3: Extreme Temperature / Heat-Wave Events

. Total
5-Year Mayor Affected Peak Heatwave Key Meteorological
. Regions / Recorded
Period o Days / Context & Impacts
States Temp (°C)
Frequency
Andhra o High pre-monsoon
2001 Pradesh, 49.0°C 65 Days heatwave frequency in
2005 (2003) }
Telangana, southern coastal belts;
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Odisha, Tamil severe heatstroke fatalities
Nadu in 2002 (1,030) and 2003
(1,539).
2009 & 2010 ranked among
Rajasthan, the warmest years; major
2006- | Guijarat, Delhi, 48.5°C 82 Days 2010 Ahmedabad heatwave
2010 Maharashtra, (2010) led ;o th(; establishment of
UP India's first Heat Action
Plan (HAP).
Intense pre-monsoon
I;Ar\ Zggsrﬁ heatwave_ in May 2015
2011- Telangan,a 49.4°C 94 Days resulted in over 2,500
2015 : ' (2015) fatalities nationwide and
Odisha, West .
Bengal severe asphalt melting on
urban roads.
Historic high of 51.0°C
Rajasthan, rgcorded_at Phalodi,
2020 Delhi, Bihar, (2016) h
Up eatwave caused severe
water crises across central
India.
Hottest 5-year period on
Punjab, 200 Days record; 2022 saw the
2021- | Haryana, Delhi, 50.5°C (Peak earliest onset heatwave
W5 | R UP. | 02| gty | (re, e 202 eore
heatwave duration.

The data in Table 3 details the escalating frequency, intensity, and impact of extreme
temperature events across India over five-year intervals from 2001 to 2025. During
2001-2005, heatwaves recorded a peak temperature of 49.0°C in 2003 with 65 total
heatwave days, primarily impacting southern coastal states and causing substantial
casualties. Heatwave activity expanded from 2006 to 2010 to 82 days and a peak of
48.5°C in 2010, which prompted Ahmedabad to introduce India's first Heat Action
Plan. The 2011-2015 block saw an intensification to 94 days and a peak of 49.4°C in
2015, resulting in over 2,500 fatalities nationwide. Conditions worsened significantly
between 2016 and 2020, reaching 112 heatwave days and setting an all-time record
temperature of 51.0°C at Phalodi, Rajasthan in 2016. Ultimately, the 2021-2025 period
emerged as the most severe phase on record, surging to a peak frequency of 200
heatwave days and registering a maximum temperature of 50.5°C in 2024,
characterized by unprecedented early-onset heatwaves and prolonged multi-week
spells affecting northern and central India.

Drought Frequency and Intensity

The changing frequency, geographic footprint, and severity of drought conditions in
India over five-year intervals from 2001 to 2025. The timeline illustrates a transition
from major pan-Indian meteorological droughts in the early 2000s toward intense,
localized, and compound flash droughts in recent years. Influenced heavily by El Nifio
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phases and shifting monsoon dynamics, recurring dry spells caused severe cumulative
soil moisture depletion, agricultural distress, and critical groundwater depletion across
vulnerable ecological belts.

Table 4: Drought Frequency and Intensity

Nifio-induced)

5-Year | Major Drought Years Overall Intensity & Regional Severity
Period & Types Frequency Breakdown
Severe to Extreme: 2002 was
one of the worst national
2002 (Iiz\ilz)re a High (2 major droughts in decades (19% total
2001- p%n-ln diajn rainfall deficit, affecting over
0,
2005 2004 (Moderate All- events) 29% of land area})._ 2004 b_rought
. a 13.8% deficit, heavily
India) . .
impacting western and southern
states.
Severe: 2009 experienced a
2009 (Severe All- Moderate (1 | 21.8% all-India monsoon rainfall
India) major severe deficit, marking it as the most
2006— .
2010 e\_/ent, severe natlonall d_rought year of
2008-2009 localized dry the decade, hitting the Indo-
(Winter/Pre-monsoon) spells) Gangetic plains and central India
hardest.
Moderate to Severe (High
Impact): Consecutive deficient
2014 (Moderate All- . i monsoon years (2014: 12%
India) High (Back deficit: 2015: 14% deficit)
2011- to-back : .
2015 drought cause_d severe curT_]uIatlve soil
2015 (Moderate/Flash ears) moisture depletion, acute
Drought) y agricultural distress, and
widespread groundwater
depletion across 11 states.
Moderate to Severe Regional:
2016 ; . .
(Regional/Peninsular) Penl_nsular India (especially
Moderate Tamil Nadu, Karnataka, and
. (Frequent Maharashtra) faced severe
220012% 201R8e(|\i/c|3c;1(:1‘|3)r ate severe hydrological drought in 2016—
g regional 2017. 2018 experienced a 9.4%
2019 (Pre- events) national fjeflmt, trlggermg_ severe
monsoon/Early Flash) agricultural drough_t In
Marathwada and Gujarat.
Moderate (Variable Intensity):
2021 (Localized 2023 recorded a 5.6% overall
Moderate A
monsoon breaks) . monsoon deficit-driven by the
2021- (Driven by El K infall i
2025 Nifio & weakest August rainfall in over a
2023 (Moderate / El century due to EI Nifio-causing
heatwaves)

severe agricultural stress across

southern and central India.
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The data in Table 4 outlines the progression of drought frequency, type, and intensity
across India over five-year intervals from 2001 to 2025. The initial period, 2001-2005,
saw high drought frequency with two major pan-Indian events, including the severe
2002 drought (19% rainfall deficit affecting over 29% of land area) and a moderate
drought in 2004 (13.8% deficit). During 2006—2010, the frequency shifted to moderate,
yet it was defined by the severe 2009 EI Nifio-driven drought, which recorded a 21.8%
monsoon deficit the decade's worst national dry spell. Drought frequency peaked again
in 2011-2015 due to back-to-back moderate-to-severe deficient monsoons in 2014
(12% deficit) and 2015 (14% deficit), leading to critical cumulative soil moisture and
groundwater depletion across 11 states. The subsequent 20162020 period was marked
by frequent regional and hydrological droughts, particularly severely impacting
Peninsular India in 20162017 and triggering acute agricultural stress in Marathwada
and Gujarat in 2018. Finally, the 20212025 block displayed moderate, highly variable
intensity, characterized by localized monsoon breaks in 2021 and an EIl Nifio-induced
moderate drought in 2023, where the driest August in over a century caused a 5.6%
overall monsoon deficit and widespread agricultural stress across southern and central
India.

V. Flood Events and Affected Population/Area

The spatial distribution, human displacement, and agricultural impacts of major flood
events across India from 2001 to 2025. The historical pattern reveals a shift from
extensive, riverine basin deluges toward high-intensity urban flash floods and localized
cloudbursts. Driven by increased short-duration extreme precipitation, recurring flood
events consistently impacted tens of millions of people annually and submerged
millions of hectares of crop area, placing continuous strain on public infrastructure.

Table 5: Flood Events and Affected Population/Area

5-Year Major Flood Events & Estimated Affected Estimated Affected
Period Severe Regions Population Area / Crop Area
2001- | +2004: Assam, Bihar, & 35-45 million per 4.5-7.5 million
2005 West Bengal floods severe year hectares annually
* 2005: Mumbai flash (Over 20M affected | (Extreme urban and
floods & Maharashtra in 2004 alone) agricultural
deluge inundation)
* 2005: Gujarat &
Southern Peninsular
floods
2006— » 2006: Surat & Tapi 40-60 million per 5.0-8.0 million
2010 basin urban floods severe year hectares annually
+ 2007: Indo-Gangetic (2007 monsoon (Kosi breach alone
Plains (Bihar, UP, West affected 30M+ submerged
Bengal) across northern 300,000+ ha)
« 2008: Kosi River states)
breach (Bihar disaster)
+ 2009: Andhra Pradesh
& Karnataka flash floods
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2011- * 2012: Assam 25-40 million per 3.5-6.0 million
2015 Brahmaputra floods severe year hectares annually
« 2013: Uttarakhand (J&K 2014 affected (Significant
Himalayan cloudburst & | 2.5M; Chennai 2015 localized
deluge affected 4M) infrastructure
+ 2014: Jammu & damage)
Kashmir floods
+ 2015: Chennai & South
Indian urban floods
2016- * 2016: Assam & Bihar 30-50 million per 4.0-6.5 million
2020 seasonal floods severe year hectares annually
+ 2017: Gujarat & North- (2018 Kerala (Severe loss of
East floods affected 5.4M; 2019 public
+ 2018: Kerala multi-state affected infrastructure)
catastrophic floods 17M+)
+ 2019-2020: Multi-state
floods (Kerala, MH, KA,
Assam)
2021- * 2021: Mahad/Konkan 20-35 million per 3.0-5.5 million
2025 landslides & severe year hectares annually
Maharashtra floods (2025 Punjab floods (Increased urban
+2022: Assam & Sylhet | affected 2M across flash flooding
border floods 23 districts) intensity)
» 2023: North India /
Yamuna Delhi floods &
Himachal deluges
* 2024-2025: Punjab,
Gujarat & North-East
monsoon deluges

The data in Table 5 illustrates the pattern of major flood disasters, population
displacement, and land inundation across India over five-year intervals from 2001 to
2025. During 20012005, extreme deluges like the 2004 Eastern India floods and the
landmark 2005 Mumbai flash floods affected 35-45 million people per severe year,
submerging up to 7.5 million hectares annually. The 2006—2010 block marked a peak
in widespread impact, driven by the catastrophic 2008 Kosi River breach in Bihar and
severe urban flooding in Surat, which expanded the annual affected population to 40—
60 million and submerged up to 8.0 million hectares of land. The period from 2011 to
2015 saw an emergence of high-intensity, localized cloudbursts and urban deluges such
as the 2013 Uttarakhand Himalayan disaster, the 2014 Jammu & Kashmir floods, and
the 2015 Chennai inundation affecting 25-40 million people per severe year and
causing extreme infrastructure damage. Between 2016 and 2020, multi-state flood
disasters surged again, highlighted by the historic 2018 Kerala floods and widespread
inundation across Maharashtra and Assam, impacting 30-50 million people annually.
Finally, the 2021-2025 period was characterized by severe mountain cloudbursts in
Himachal Pradesh, urban flash flooding along the Yamuna in Delhi, and widespread
agricultural deluges in Punjab and Gujarat, maintaining a high annual impact of 20-35
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million people affected and up to 5.5 million hectares inundated due to increasingly
intense short-duration rainfall events.

Flood Events and Affected Population/Area
The Indian subcontinent experiences tropical cyclones primarily across two basins: the
Bay of Bengal (BoB) on the east coast (which accounts for 80% of total storms) and

the Arabian Sea (AS) on the west coast.

India Meteorological Department (IMD) intensity categories:

Severe Cyclonic Storm (SCS): 89-118 km/h

e Very Severe Cyclonic Storm (VSCS): 119-165 km/h
e Extremely Severe Cyclonic Storm (ESCS): 166-220 km/h
e Super Cyclonic Storm (SuCS): $\ge$ 222 km/h
Table 6: Flood Events and Affected Population/Area
5-Year EMaJor_CycIon_lc Frequency Intensity & Basin
: vents impacting .
Period India Trend Dynamics
* 2001: Severe Cyclone Lovxgel}/;?i%irat:rilgéegflty:
ARB 01 (Gujarat) Lowto uiescencg in severe
* 2004: Severe Cyclone | Moderate (3—4 4 .
2001~ ARB 01/BOB 03 cyclonic storms landfalling cyclones
2005 } y compared to the 1990s.
« 2005: Cyclone Pyarr per year .
Most storms remained
(Andhra average) weak to moderate
Pradesh/Odisha) - .
intensity.
« 2007: Cyclone
Yemyin . L
(Andhra/Telangana) Rising Intensity: Marked
. the onset of stronger
* 2007: Super Cyclone Moderate (4 .
. ; Arabian Sea systems
2006— Gonu (Arabian Sea) cyclonic storms
i (Gonu reached SuCS).
2010 | «2009: Severe Cyclone per year : !
: Cyclone Aila caused high
Aila (West average) .
storm surge damage in the
Bengal/Kolkata) Sundarbans
* 2010: VSCS Laila & '
VSCS Jal
+ 2011: VSCS Thane High Intensity (Major
(Tamil Moderate Landfalls): Phailin (2013)
Nadu/Puducherry) (Fewer overall and Hudhud (2014) both
2011 + 2013: ESCS Phailin storms. but reached Extremely Severe
2015 (Odisha/Andhra) hi h,er status with winds >200
* 2014: ESCS Hudhud conve?sion to km/h, though improved
(Visakhapatnam, AP) severe status) IMD evacuation systems
+ 2015: VSCS Megh & dramatically minimized
Chapala (Arabian Sea) loss of life.
+ 2016: VSCS Vardah High (Record Extreme & Rapid
2016— | (Chennai/Tamil Nadu) s ?ke' 2018 Intensification: Amphan
2020 | +2017:VSCS Ockhi 2819 tav7.g | (2020) was the first Super
(Kerala/Kanyakumari) Cyclone in the BoB since

9
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+ 2018: VSCS Gaja cyclones 1999. Arabian Sea
(TN) & VSCS Titli annually) witnessed an
(Odisha) unprecedented 50%+
« 2019: ESCS Fani increase in rapid storm
(Odisha) & Kyarr / intensification during this
Maha (AS) period.

* 2020: SUCS Amphan
(WB) & VSCS Nisarga

(MH)
* 2021: ESCS Tauktae Severe Arabian Sea Shift
(Gujarat) & VSCS Yaas & Prolonged Duration:
(WB) Tauktae (2021) and
+ 2022: VSCS Asani & | Moderate-High Biparjoy (2023) set
2021- | Mandous (Tamil Nadu) | (Sustained high records for longest life
2025 + 2023: ESCS Biparjoy | conversion rate spans and highest
(Gujarat) & Mocha to VSCS/ESCS) sustained wind speeds
* 2024-2025: VSCS recorded on the Indian
Remal & Dana West Coast in recent
(Odisha/WB) history.

The provided data details the evolution, frequency, and storm dynamics of cyclonic
events impacting India across five-year periods from 2001 to 2025. During 20012005,
storm activity remained relatively low to moderate (averaging 3—4 cyclonic storms per
year), marking a phase of relative quiescence characterized mostly by weak-to-
moderate intensity systems. The 2006-2010 block saw an upward shift in storm power,
notably with Super Cyclone Gonu in the Arabian Sea and Severe Cyclone Aila, which
generated catastrophic storm surges in the Sundarbans. Intensity surged further between
2011 and 2015; despite fewer overall storms, a higher proportion converted into
Extremely Severe Cyclonic Storms (ESCS), highlighted by Phailin (2013) and Hudhud
(2014) hitting wind speeds above 200 km/h. The 2016-2020 period marked an extreme
escalation in both frequency and rapid storm intensification, recording 7-8 cyclones
annually in 2018-2019, Super Cyclone Amphan in 2020 (the Bay of Bengal's first
Super Cyclone since 1999), and an unprecedented 50%-+ rise in rapid intensification
events in the Arabian Sea. Finally, the 2021-2025 period demonstrated sustained high-
severity dynamics, defined by a structural shift toward the Indian West Coast, where
storms like Tauktae (2021) and Biparjoy (2023) set historic records for duration and
wind speeds along the Arabian Sea coastline.

India Sea-Level Change, Rates, and Coastal Impacts

The progressive acceleration of sea-level rise rates, cumulative ocean expansion, and
coastal vulnerability along India's coastline from 2001 to 2025. Driven primarily by
ocean thermal expansion and land subsidence in deltaic zones, the rate of sea-level rise
nearly doubled over the 25-year span. This continuous rise exacerbated coastal erosion,
intensified saltwater intrusion into freshwater aquifers, and heightened the severity of
storm surge inundation across low-lying coastal regions.

10
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Table 7: India Sea-Level Change, Rates, and Coastal Impacts

AVG. S€a- | o lative
5-Year Region / Level Rise . Primary Drivers & Key
. Period
Period | Coastal Belts Rate Coastal Impacts
Trend
(mm/year)
Baseline period
following early satellite
. altimetry deployment;
2001~ North Indian 3.1 steady thermal expansion
Ocean 15-1.6cm ’ .
2005 mm/year driven by rising sea
(Overall)
surface temperatures
(SST) in the Bay of
Bengal.
Accelerated local
Sundarbans relative sea-level rise
2006- | Delta, West | 3.3-35 (RSLR) compounded by
1.6-1.8cm land subsidence (10-20
2010 Bengal & mm/year .
. mm/yr); severe land loss
Odisha Coast .
in Ghoramara and
Lohachara islands.
Strong 2015 EI Nifio
West Coast warm phase mcr«_aasgd
(Mumbai the_rmal expansion;
2011- . ’ 3.6-3.8 heightened coastal
Kochi) & East 1.8-19cm ;
2015 Coast mm/year erosion and saltwater
intrusion into
(Kolkata) . .
groundwater aquifers in
Gujarat and Tamil Nadu.
Catastrophic regional
spike following the 2016
Peninsular Northeast Monsoon
2016— India (Tamil 3.9-4.2 20-2.1cm failure; Chennai coastal
2020 Nadu, AP, mm/year - erosion deepened, and
Kerala) low-lying island
inundation intensified in
Lakshadweep.
Pan-India
Coastline
2021 (hotspots: 4.3-4.6 .
2025 Bhavnagar, mm/year 2.1-2.3cm Fastest acceleration on
Diamond
Harbour)

The data in Table 7 tracks the progressive acceleration of sea-level rise rates,
cumulative ocean expansion, and severe coastal impacts across India over five-year
intervals from 2001 to 2025. During 2001-2005, sea levels along the North Indian
Ocean rose at a baseline rate of 3.1 mm/year, resulting in a cumulative increase of 1.5—
1.6 cm, largely driven by ocean thermal expansion from rising sea surface temperatures
in the Bay of Bengal. The rate accelerated to 3.3-3.5 mm/year in 2006-2010 (1.6-1.8
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cm cumulative rise), severely impacting the Sundarbans Delta as local sea-level rise
combined with land subsidence to submerge islands like Ghoramara and Lohachara.
Between 2011 and 2015, the rate climbed to 3.6-3.8 mm/year (1.8-1.9 cm rise),
exacerbated by the strong 2015 EI Nifio warm phase, which triggered extensive coastal
erosion and saltwater intrusion into aquifers across Gujarat and Tamil Nadu. The 2016—
2020 period saw a further rise to 3.9-4.2 mm/year (2.0-2.1 cm cumulative rise),
deepening coastal erosion in Chennai and intensifying low-lying island inundation in
Lakshadweep. Finally, the 20212025 block recorded the fastest acceleration on record
at 4.3-4.6 mm/year (2.1-2.3 cm cumulative rise), creating critical vulnerability
hotspots along Bhavnagar and Diamond Harbour as compound storm surges
continuously erode pan-Indian coastlines.

Causes & Effects of Using Separate Tables

Methodological Isolation of Variable Types

Isolating parameters prevents unit confusion and metric distortion. Blending distinct
measurement units such as temperature (°C), precipitation (mm), percentages (%),
population counts (millions), and rates of rise (mm/year) into a single matrix creates
cognitive overload. Separate tables preserve mathematical clarity.

Alignment with Chapter Synthesis & Narrative Flow

Facilitates a logical narrative progression in your empirical findings chapter. You can
present each climate force individually before building up to compound extreme events,
creating a coherent analytical flow from baseline atmospheric trends (Tables 1-2) to
severe disasters (Tables 3-6) and long-term oceanic shifts (Table 7).

Enhanced Data Scannability and Visual Precision

Eliminates table overcrowding and extreme horizontal scrolling. A unified table
spanning seven multi-variable indicators requires upwards of 15 to 20 columns, making
formatting on standard thesis pages (A4/Letter) nearly impossible without reducing font
sizes to unreadable levels.

Targeted Cross-Referencing in Discussion Chapters

Allows precise citation during comparative analysis. When writing your discussion,
referring directly to "Table 3 for heatwave days" or "Table 6 for cyclonic wind speeds"
provides immediate clarity for peer reviewers and examiners, whereas citing one
massive table forces the reader to hunt for specific rows.

Methodological Cause-and-Effect Relationship

Beyond the structural presentation, splitting these tables highlights the natural climate
cascade taking place across your data:
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The interconnected climate data demonstrates a cascading feedback loop where
baseline atmospheric shifts directly intensify extreme hydrological and oceanic
disasters across the subcontinent. Rising mean annual temperatures drive atmospheric
thermal expansion and accelerate surface evapotranspiration, which directly triggers
prolonged extreme heatwaves and increases drought frequency. Simultaneously, severe
rainfall volatility combined with widespread atmospheric warming accelerates intense,
short-duration cloudbursts, leading directly to catastrophic flood events and severe
regional inundation. On the oceanic front, continuously elevated sea surface
temperatures fuel rapid tropical storm intensification in both the Bay of Bengal and the
Arabian Sea, giving rise to higher-category cyclones whose landfalling storm surges
are further amplified by accelerating coastal sea-level rise.

Suggestions

Here are tailored suggestions for the next steps in finalizing your thesis chapter,

depending on where you want to focus next:

o Draft a dedicated section connecting these cascading climate impacts to actionable
policy frameworks (e.g., National Action Plan on Climate Change, regional Heat
Action Plans, and disaster management protocols).

e Synthesize how these combined climate hazards directly affect agricultural yield,
economic growth, public health, and rural-to-urban migration in India.

e Write a concise data sources paragraph detailing where this data originates (e.g.,
IMD, INCOIS, IPCC, oceanographic reanalysis) and how the 5-year block
averages were compiled.

o Reformat these key findings into concise bullet points or slide layouts for an
academic oral defense or seminar presentation.

Summary

In summary, the empirical evidence reveals that climate change in the Indian
subcontinent operates not as isolated meteorological anomalies, but as a compounding,
multi-systemic cascade. Sustained atmospheric warming and rainfall volatility act as
primary catalysts, driving extreme thermal stress and drought conditions while
simultaneously exacerbating intense precipitation events. This atmospheric instability
seamlessly intersects with oceanic warming, fueling severe cyclonic activity and
accelerating sea-level rise that together compound coastal vulnerability. Ultimately,
these interconnected dynamics demonstrate that baseline climate shifts inevitably
transform into severe hydrological and marine disasters, underscoring the urgent need
for integrated, multi-hazard adaptation strategies in regional climate policy.

V1. Conclusion

The empirical analysis of cascading climate risk in India during 2001-2025
demonstrates that climate change is no longer manifested solely through gradual shifts
in individual atmospheric variables; rather, it is increasingly characterized by
interacting, compound, and cascading extreme hazards. Changes in baseline
atmospheric conditions, including temperature, precipitation variability, humidity, and
other climate indicators, have altered the environmental conditions under which
extreme events develop. These shifts increase the likelihood that multiple hazards—
such as heatwaves, intense rainfall, floods, droughts, cyclonic disturbances, and
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associated environmental and socioeconomic disruptions—may occur sequentially or
simultaneously.

The findings emphasize that the impacts of climate hazards cannot be assessed
independently because one extreme event can amplify the vulnerability and exposure
generated by another. For example, prolonged heat and moisture stress can intensify
drought conditions, while extreme precipitation following periods of hydrological
stress can produce severe flooding and infrastructure damage. Such interactions create
cascading consequences for agriculture, water resources, public health, ecosystems,
energy systems, infrastructure, and livelihoods. The 2001-2025 period therefore
provides important evidence of the need to move beyond conventional hazard-specific
climate assessments toward an integrated understanding of compound and cascading
climate risks.
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