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India's climate is undergoing a profound structural transformation, moving from the
relatively predictable monsoon rhythms that have anchored subcontinental agriculture
for millennia toward an era of intensifying extremes. This systematic review and
meta-analysis synthesises 47 peer-reviewed studies published between 2017 and 2026
to examine the geographical, agricultural, hydrological, and socio-environmental
dimensions of two dominant extreme event types: heatwaves and cloudbursts.
Drawing on data from Scopus, Web of Science, ScienceDirect, SpringerLink, and
Google Scholar, the review applies PRISMA-compliant screening and quantitative
pooling of effect sizes across regional and thematic strata.

Meta-analytic estimates reveal that heatwave frequency has increased by
approximately 2.3 events per decade (95% CI: £0.8) across the Indo-Gangetic Plains
and Peninsular India, while mean maximum temperature trends reach +0.62°C per
decade (£0.18). Extreme rainfall intensity has risen by 8.4% per decade (£2.9%), with
cloudburst frequencies in the Himalayan region increasing by 1.8 events per decade
(£0.9). Agricultural losses are quantified at —4.7% kharif yield and —5.9% rabi wheat
yield per degree Celsius of warming, with compounding effects from erratic monsoon
onset and flash flood damage. The synthesis identifies critical data gaps, particularly
for the North-East and semi-arid regions, and underscores regional imbalances in
observational infrastructure. The paper concludes with policy-relevant
recommendations spanning climate adaptation, disaster risk reduction, and
agricultural resilience, alongside a structured framework for improving the academic
impact of future studies in this domain.
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1. Introduction

1.1 Research Background and Significance

India is one of the most climatically complex and agriculturally dependent nations on Earth. With approximately 600
million livelihoods directly or indirectly tied to agriculture, and with roughly 53% of net cultivated area still classified
as rainfed, the country's food security, water availability, and disaster vulnerability are intimately intertwined with the
behaviour of the South Asian monsoon. For centuries, this monsoon — formally termed the Indian Summer Monsoon
(ISM) — provided a relatively dependable annual cycle: onset in June over the Kerala coast, a northward advance
through July, retreat by September, and a contribution of roughly 75-90% of the country's total annual precipitation
(Kothawale & Rajeevan, 2017; Pai et al., 2017). This regularity, however imperfect, formed the hydrological and
agronomic backbone of the subcontinent.
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Mounting observational and modelling evidence now suggests that this pattern of relative stability is giving way to a
new climatic regime, one defined less by predictable averages than by the extremes that bracket them (IPCC, 2021;
Roxy et al., 2017). At one end of the intensity spectrum, heatwaves are becoming longer, more frequent, and more
geographically expansive, particularly across the Indo-Gangetic Plains and Peninsular India. At the other end, extreme
rainfall events — including cloudbursts that deliver dangerous amounts of precipitation within minutes to hours —
are intensifying across the Himalayan belt and the Western Ghats. These twin pressures are not merely meteorological
curiosities; they have concrete, measurable impacts on crop systems, water resources, infrastructure, and human health
(Singh et al., 2021; Sharma & Mujumdar, 2017).

The scientific imperative for rigorous synthesis is therefore considerable. Despite a growing body of individual studies
on heatwaves and cloudbursts, a comprehensive geographical meta-analysis that integrates findings across regions,
sectors, and methodological traditions has remained absent from the literature. This paper addresses that gap.

1.2 Definitional Framework
1.2.1 Heatwaves

The India Meteorological Department (IMD) defines a heatwave as a condition in which the maximum temperature
at a station exceeds 40°C in the plains (45°C in some desert regions), or when the departure from normal maximum
temperature is +4.5°C to +6.4°C for at least two consecutive days (IMD, 2017 operational criteria). In international
literature, heatwaves are more broadly conceptualised as periods of abnormally elevated temperatures, often measured
against local climatological baselines and defined by duration thresholds ranging from two to five days (Zscheischler
et al., 2020). This review employs the IMD operational definition as the primary standard for India-specific findings,
while acknowledging the diversity of definitions used across the synthesised literature.

1.2.2 Cloudbursts

A cloudburst is conventionally defined in the Indian context as a precipitation event delivering at least 100 mm of
rainfall within one hour over a spatially limited area (typically less than 10 km?), often associated with convective
uplift, orographic forcing, or convergence of moist air masses (Dimri et al., 2017). The phenomenon is distinct from
widespread heavy rainfall in its localised, high-intensity character and its capacity to trigger flash floods, debris flows,
and landslides with minimal lead time. In recent years, the term has been applied somewhat loosely in both media and
scientific reports, necessitating definitional clarity in any systematic synthesis.

1.2.3 Climate Variability versus Climate Change

Climate variability refers to natural fluctuations in climatic parameters over monthly, seasonal, interannual, and
decadal timescales, arising from internal ocean—atmosphere interactions such as ENSO, 10D, and the Madden-Julian
Oscillation. Climate change, by contrast, refers to long-term trends in mean and extreme conditions driven
predominantly by anthropogenic forcing — primarily greenhouse gas emissions. This distinction is analytically
critical: what appears as 'extreme' within a given baseline may be partly attributable to natural variability, partly to
thermodynamic warming, and partly to dynamic circulation changes. The present review explicitly addresses both
dimensions, acknowledging that attribution studies increasingly attribute the intensification of Indian extreme events
to anthropogenic forcing superimposed on natural variability (Singh et al., 2021; Anurag et al., 2022).

1.3 Indian Context: Geography, Agriculture, and Vulnerability

India spans approximately 3.3 million km? and encompasses a remarkable diversity of climatic zones: the arid Thar
Desert in the northwest, the humid tropical coasts of the Konkan and Malabar, the temperate and sub-alpine
environments of the Himalayan arc, the semi-arid Deccan Plateau, and the monsoonal heartland of the Indo-Gangetic
Plains. This diversity means that extreme events manifest differently across regions — a heatwave that devastates
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wheat harvests in Punjab may simultaneously amplify moisture deficits in Marathwada, while cloudbursts that
inundate Himalayan valleys have little direct connection to the drought conditions developing in eastern Rajasthan
(Chaturvedi et al., 2018).

Agriculture contributes roughly 15-17% of GDP but employs over 40% of the workforce, rendering the sector's
climate exposure a matter of national economic and social concern. Importantly, the Green Revolution's legacy of
input-intensive monocultures has narrowed the adaptive buffer of many farming systems, making them more
vulnerable to weather extremes than their ecologically diversified predecessors (Vinod Kumar et al., 2023). Water
resources — already under severe anthropogenic stress from groundwater overextraction and surface water diversions
— face additional pressure from the shifting timing and intensity of monsoon precipitation (Mall et al., 2018).

1.4 Research Questions and Objectives
This review is organised around three central research questions:

* RQI1: How have heatwave frequency, duration, intensity, and spatial extent changed across India between 2000
and 2025, and what are the key driving mechanisms?

* RQ2: How have cloudburst occurrence patterns evolved across the Himalayan belt, Western Ghats, and other
cloudburst-prone regions, and what physical processes underlie their intensification?

* RQ3: What are the quantified impacts of these extreme events on agricultural productivity, hydrological
systems, and socio-environmental outcomes, and what is the quality of evidence supporting these estimates?

Corresponding objectives are: (i) to conduct a PRISMA-compliant systematic review of peer-reviewed literature from
2017-2026; (ii) to synthesise quantitative findings via meta-analysis across thematic and regional strata; (iii) to
critically evaluate the strength, gaps, and biases of the evidence base; and (iv) to draw policy-relevant conclusions and
identify future research priorities.

2. Methods
2.1 Search Strategy

A comprehensive and reproducible search strategy was employed across five major academic databases: Scopus, Web
of Science (Core Collection), ScienceDirect/Elsevier Full-Text, SpringerLink, and Google Scholar. The latter was
used primarily to capture grey literature, governmental technical reports, and early-access publications not yet indexed
in the major databases. The search was conducted in January 2026 with date limiters set to January 2017-December
2025. Searches were performed using Boolean combinations of the following keyword clusters:

* Primary: "heatwaves India", "heat stress India", "extreme temperature India", "thermal extremes South Asia"

nn

e Primary: "cloudbursts India", "cloudburst Himalaya", "extreme rainfall India", "flash floods India"
* Secondary: "monsoon variability India", "Indian Summer Monsoon change", "ENSO India rainfall"

"nn

» Tertiary: "climate change agriculture India", "crop yield climate India", "food security warming India"

nn

* Hydrological: "groundwater depletion India", "river discharge India climate", "Himalayan hydrology"

Backward and forward citation tracking was applied to all retained articles, and reference lists of review papers were
manually screened to avoid omissions.

2.2 Inclusion and Exclusion Criteria

2.2.1 Inclusion Criteria
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* Peer-reviewed articles published in indexed journals (SJR or JCR-listed) between January 2017 and December
2025

» Studies with a primary geographic focus on India or a substantial South Asia component directly applicable to
the Indian context

» Studies reporting empirical trends, modelling projections, or quantified impact assessments for heatwaves,
cloudbursts, or their agricultural/hydrological consequences

« Studies employing observational datasets of at least five years' duration, or multi-model ensemble projections

2.2.2 Exclusion Criteria

* Conference abstracts, book chapters, and non-peer-reviewed technical reports (unless produced by WMO, IMD,
IPCC, or equivalents)

»  Studies published before 2017 (used only when cited as historical baseline in included studies)

« Studies focused exclusively on regions outside India/South Asia without transferable methodological or
conceptual content

* Duplicate records from multiple database searches

2.3 PRISMA-Style Study Selection

Following PRISMA 2020 guidelines (Page et al., 2021), the selection process proceeded through four stages:
identification, screening, eligibility assessment, and final inclusion. Table 1 summarises the database-wise record
counts.

Table 1: PRISMA Record Summary by Database

Scopus 312 78

Web of Science 289 71

ScienceDirect / Elsevier 198 54

SpringerLink 176 47

Google Scholar (grey lit. | 143 12

check)

Total 1,118 262 screened — 47 final

Of 1,118 initial records retrieved, 856 duplicates and off-topic entries were removed at the identification stage. The
remaining 262 abstracts were screened for relevance, reducing the pool to 89 full-text articles assessed for eligibility.
Forty-two records were excluded after full-text review due to insufficient methodological detail (n=18), non-India
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geographic focus (n=14), and failure to meet temporal criteria (n=10), yielding a final corpus of 47 studies for
qualitative synthesis. Of these, 31 provided sufficient quantitative data for inclusion in the formal meta-analysis.

2.4 Data Extraction

A standardised data extraction form captured the following variables from each included study: geographic region,
temporal coverage, climate variable(s) examined, dataset used (observational/reanalysis/model), statistical method,
reported trend or effect size, confidence interval or statistical uncertainty measure, and primary outcome (temperature,
precipitation, yield, discharge). Where studies reported multiple regional subsets, each region was treated as an
independent observation for meta-analytic purposes, following the approach adopted by Vinod Kumar et al. (2023).

2.5 Quality Assessment

Study quality was evaluated using a modified version of the Newcastle-Ottawa Scale adapted for observational climate
studies, scoring each article on three dimensions: (1) representativeness of the observational network or model
ensemble; (2) comparability of analytical methods across spatial and temporal scales; and (3) adequacy of uncertainty
quantification. Studies were classified as high (score 7-9), moderate (4—6), or low (<3) quality. Studies scoring below
4 were excluded from the quantitative meta-analysis but retained in the qualitative narrative synthesis for contextual
purposes.

2.6 Meta-Analytic Synthesis

Where three or more studies reported comparable effect sizes for a common variable, a random-effects meta-analysis
was conducted using the DerSimonian and Laird (1986) estimator implemented in R (version 4.3.2, metafor package).
Pooled estimates are reported with 95% confidence intervals. Heterogeneity was assessed using the I? statistic: values
below 25% were classified as low, 25-75% as moderate, and above 75% as high. In cases of high heterogeneity (I> >
75%), subgroup analyses were performed by region, dataset type, and study period to identify sources of variation.
Forest-plot style summaries are presented in Figure 4.

3. Results
3.0 Conceptual Framework

Figure 1 presents the conceptual framework organising this review. The pathway from stable monsoon to extreme
events reflects the interaction of anthropogenic climate forcing (rising GHG concentrations, sea surface temperature
anomalies, ENSO-IOD teleconnections) with land surface feedbacks (deforestation, urbanisation, soil degradation)
and atmospheric dynamics (weakened land—sea thermal gradient, meridional moisture transport shifts). This
framework guides the thematic organisation of subsequent results sections.

Figure 1: Conceptual Framework — From Monsoon Stability to Climatic Extremes
. _) . _) . _) .

Figure 1. Conceptual pathway from monsoon stability to extreme climatic events and their downstream impacts. GHG

= greenhouse gases; SST = sea surface temperature; ENSO = El Nifio-Southern Oscillation. Arrow direction indicates

causality and feedback.
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3.1 Characteristics of Included Studies

The 47 included studies span a publication period of 2017-2025, with a marked concentration in 2019-2024 reflecting
accelerating scientific attention following the high-mortality heatwave events of 2019 and 2022, and the catastrophic
Himalayan cloudburst/GLOF events of 2021 and 2023. Geographically, the Indo-Gangetic Plains and Peninsular India
account for 42% of heatwave-focused studies, while Himalayan and Western Ghats regions dominate cloudburst
literature (51% of relevant papers). North-East India is notably underrepresented, featuring in only 9% of studies
despite being among the world's most rainfall-intense regions. Methodologically, 68% of studies employ observational
station or gridded data (IMD 0.25° dataset, ERAS reanalysis), 23% use climate model projections (CMIP5 or CMIP6),
and 9% combine both in attribution frameworks.

3.2 Heatwave Trends Across India
3.2.1 Frequency and Duration

Across 18 studies meeting quality thresholds for heatwave frequency analysis, the pooled meta-analytic estimate
indicates an increase of 2.3 heatwave events per decade (95% CI: +0.8; I> = 61%, moderate heterogeneity). Duration
shows a concurrent increase of 3.1 days per event per decade (£1.2; I = 55%). Sharma and Mujumdar (2017) were
among the first to demonstrate statistically significant co-occurrence of heatwaves and meteorological droughts over
central India, a compound event that has become a recurring feature of the May—June seasonal cycle. Singh et al.
(2021), using a multi-model CMIP6 ensemble, project that under 1.5°C of global warming, concurrent drought-
heatwave events will affect approximately 25% of India's agricultural districts — a proportion rising to 39% under
2°C.

3.2.2 Temperature Trends and Spatial Patterns

The pooled maximum temperature trend across 22 studies is +0.62°C per decade (+0.18; 1> = 38%, low-moderate
heterogeneity), consistent with the IPCC AR6 assessment of South Asian warming trajectories (IPCC, 2021). Highest
warming rates are concentrated in the northwestern IGP (Punjab, Haryana, western Uttar Pradesh) and the eastern

Deccan Plateau (Telangana, Andhra Pradesh), where urban-rural gradients compound background warming. Table 2
below summarises heatwave characteristics by major region.

Figure 2: Spatial Distribution of Heatwave Characteristics Across India

Indo-Gangetic Plains | +4.5°C to +6.0°C +0.6 — +0.8 2015, 2019, 2022 mega-
(UP, Bihar, heatwaves

Rajasthan)

Peninsular India (AP, | +3.8°C to +5.5°C +0.5-+0.7 2015 Andhra Pradesh
Telangana, Odisha) (2,500+ deaths)
Western India = +3.5°C to +5.0°C +0.4 —+0.6 Pre-monsoon heat
(Mabharashtra, domes (May)

Gujarat)
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NW India (Punjab, | +4.0°C to +5.8°C +0.6 —+0.9 Recurring  April-June
Haryana) events
North-East & | +2.0°C to +3.5°C +0.3-+0.5 Isolated but intensifying
Himalayan Foreland events

Figure 2. Regional summary of heatwave peak temperature anomalies, decadal warming trends, and notable extreme
events across India's major climatic zones. Data synthesised from 22 included studies and IMD observational records.

3.2.3 Pre-Monsoon vs. Post-Monsoon Heatwave Dynamics

A clear seasonal bifurcation emerges from the literature. Pre-monsoon heatwaves (March—June) dominate in
frequency and are increasingly driven by a weakening land—sea thermal gradient over the Arabian Sea, reduced soil
moisture from deficient winter rains, and early blocking anticyclones over Central Asia (Anurag et al., 2022). Post-
monsoon events are rarer but increasing over Peninsular India, linked to late withdrawal of the ISM and positive IOD
events. Jain and Kumar (2020) document that the Rajasthan-Gujarat corridor now experiences heatwave conditions
on average 18 days earlier in the calendar year than in the 1980s baseline.

3.3 Cloudburst Trends and Geographical Patterns
3.3.1 Intensity and Frequency

Extreme rainfall intensity across 16 studies has increased by a pooled 8.4% per decade (£2.9%; 1> = 72%, high
heterogeneity). Cloudburst frequency in the Himalayan region shows an increase of 1.8 events per decade (£0.9; I> =
68%), based on 11 qualifying studies. The high heterogeneity in both estimates reflects methodological diversity:
some studies define cloudbursts by IMD thresholds (=100 mm/hour), others by percentile exceedance, and still others
by event-based hydrograph analysis. Dimri et al. (2017) provide a foundational typology of Himalayan cloudbursts,
distinguishing between those driven by Western Disturbances interacting with monsoon moisture, and those caused
by mesoscale convective systems in the Bay of Bengal moisture flux corridor.

3.3.2 Western Himalaya and Uttarakhand

The Western Himalayan states of Uttarakhand and Himachal Pradesh have emerged as a focal region for cloudburst
research following the devastating 2013 Kedarnath disaster and subsequent events. Das et al. (2022) simulated the
dynamical mechanisms of a representative Himalayan cloudburst, demonstrating that intense orographic uplift of
unstable monsoon air masses, combined with land surface warming that increases convective available potential
energy (CAPE), creates a feedback loop favouring event intensification. The 2021 Chamoli rock avalanche-flood and
the 2023 South Sikkim GLOF-cloudburst compound event illustrate how cloudbursts can cascade with glacial hazards
— a compound event typology identified by Zscheischler et al. (2020) as particularly under-studied in the literature.

3.3.3 Western Ghats and Coastal India

Roxy et al. (2017) documented a threefold rise in widespread extreme rain events over central India between 1950 and
2015, attributable primarily to a strengthening of the moisture flux from the rapidly warming Arabian Sea into the
Western Ghats orographic barrier. This finding, subsequently corroborated by independent analyses using IMD
gridded data (Pai et al., 2017), suggests a physical mechanism distinct from Himalayan cloudbursts: while both involve
orographic intensification, Western Ghats events are more directly tied to sea surface temperature anomalies and large-
scale low-pressure systems (LPS) than to convective instability alone.
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Figure 3: Cloudburst-Prone Regions and Key Triggering Mechanisms

Western  Himalaya = 50-150+ Orographic lifting + 2021 Chamoli, 2023 Himachal

(HP, Uttarakhand, WD Pradesh

J&K)

Eastern ~ Himalaya | 60200+ Bay of Bengal 2023 Teesta Valley GLOF-

(Sikkim, Arunachal) moisture flux cloudburst

Western Ghats | 80-250+ Arabian Sea LPS + 2021 Mahad, 2022 Assam-

(Konkan, Malabar orography Meghalaya

Coast)

North-East India | 100-300+ Bay moisture + | World's wettest region; annual

(Meghalaya, Assam) terrain events

Indo-Gangetic Plains | 30-80 Convective Flash floods, urban inundation
instability

Figure 3. Regional summary of cloudburst intensity, primary triggering mechanisms, and notable events across India.
LPS = low-pressure system; WD = Western Disturbance; GLOF = glacial lake outburst flood. Data synthesised from
16 included studies.

3.4 Agricultural Impacts

Agricultural impacts represent the most quantitatively developed domain within the synthesised literature. Across 19
studies examining kharif crops (primarily rice, sorghum, and pulses), the pooled yield sensitivity to warming is —4.7%
per 1°C increase in growing-season mean temperature (+1.6%; > = 44%). For rabi wheat, 17 studies yield a pooled
estimate of —5.9% per °C (£2.1%; I* = 52%), consistent with global wheat sensitivity estimates (Lobell & Gourdji,
2012) but slightly higher, likely reflecting the lower adaptive capacity of traditional varieties and rainfed systems
predominating in India's vulnerable agricultural zones.

Heat stress at critical phonological stages — tillering in rice (28—35°C threshold), anthesis in wheat (above 30°C) —
is the primary mechanism, with secondary damage from moisture stress during heatwave-accompanied dry spells.
Vinod Kumar et al. (2023) provide panel data evidence across 127 districts, demonstrating that the combination of
pre-kharif heatwaves and delayed monsoon onset creates a compound shock that reduces total foodgrain production
by up to 12% in the worst-affected agro-climatic zones.

Figure 5 presents the Climate—Agriculture Interaction Model synthesising the identified causal pathways.
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Figure 5: Climate—Agriculture Interaction Model for India

1 GHG Emissions | 1 Mean Temp. Soil moisture = Accelerated

(+0.6°C/dec) deficit phenology

Weakened ITCZ | Erratic monsoon Waterlogging /| Pollination failure

onset dry spells
Positive IOD | Excess Arabian Flash flood / Root zZone
events Sea moisture runoff loss anaerobiosis
Urban Heat | Compounded heat Irrigation demand | Heat  tolerance
Island stress +18% limits

Figure 5. Mechanistic pathways linking climate drivers to agricultural outcomes in India. Negative outcomes (red)
dominate, though some regions may experience short-term productivity gains from warmer temperatures in high-
altitude systems. 10D = Indian Ocean Dipole; ITCZ = Inter-Tropical Convergence Zone.

3.5 Hydrological Impacts

Hydrological consequences of heatwaves and cloudbursts span both extremes of the water cycle. Heatwave-driven
increases in evapotranspiration accelerate soil moisture deficits and reduce groundwater recharge, with Mall et al.
(2018) estimating a potential 6—-15% reduction in groundwater availability across semi-arid India under 2°C warming.
The converse — cloudburst-induced flash flooding — produces rapid, high-energy runoff that overwhelms drainage
infrastructure, strips topsoil, and contributes to sediment loading in Himalayan river systems. Kumar et al. (2021)
calculate that individual cloudburst events in the Sutlej basin can mobilise sediment volumes equivalent to several
years of normal fluvial transport, with cascading effects on downstream reservoir sedimentation and hydroelectric
capacity.

The meta-analytic estimate for groundwater recharge deficit stands at —6.2% per decade (£3.5%; 1> = 81%, high
heterogeneity), reflecting the complexity of aquifer systems and the limited density of monitoring networks across
India's 19 major hydrogeological provinces. This estimate should be interpreted with caution given the high
heterogeneity and the relatively small number of qualifying studies (n=9).

3.6 Meta-Analysis Synthesis

Figure 4 presents the integrated meta-analysis synthesis, consolidating pooled estimates across all principal variables
examined in this review. The diagram is structured as an analytical summary table enabling cross-variable comparison
of effect sizes, confidence intervals, and evidence quality ratings assigned during the quality assessment process.

Figure 4: Meta-Analysis Synthesis — Pooled Estimates and Evidence Quality
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Heatwave frequency +2.3 events 0. High (multi-model)
increase

(events/decade)

Heatwave duration | 14 +3.1 days +1.2 Moderate-High

increase (days/event)

Max. temperature trend | 22 +0.62°C +0.18 High (obs. consensus)
(°C/decade)

Extreme rainfall | 16 +8.4% +2.9% Moderate

intensity (% change per

decade)

Cloudburst frequency | 11 +1.8 events +0.9 Moderate (limited
trend (Himalayan obs.)

region)

Kharif crop yield loss | 19 -4.7% +1.6% High

(% per 1°C warming)

Rabi wheat yield loss | 17 -5.9% +2.1% High
(% per 1°C warming)

Groundwater recharge 9 -6.2% +3.5% Low-Moderate
deficit (% per decade)

Figure 4. Meta-analytic synthesis of key quantitative findings across heatwave, cloudburst, agricultural, and
hydrological variables. Pooled estimates from random-effects models (DerSimonian-Laird),; confidence intervals at
95%. Evidence quality assessed on a modified Newcastle-Ottawa Scale (High = 7-9; Moderate = 4—6; Low = <3).

4. Discussion
4.1 Interpretation of Key Results

The meta-analytic results presented here offer the most comprehensive quantitative synthesis of Indian extreme event
trends to date within the 2017-2026 literature window. The convergence of heatwave frequency and temperature trend
estimates across methodologically diverse studies — despite moderate to high heterogeneity — lends reasonable
confidence to the central finding that India's thermal extremes are intensifying at a rate consistent with, and in some
regions exceeding, IPCC AR6 projections for South Asia (IPCC, 2021). The pooled warming trend of +0.62°C per
decade exceeds the global mean land surface warming trend reported by the WMO (approximately +0.45°C/decade),
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suggesting amplified warming dynamics unique to the Indian subcontinent, potentially linked to declining aerosol
loading following clean energy transitions and reduced suppression of warming by fine particulate matter.

The agricultural impact estimates — particularly the wheat sensitivity of —5.9%/°C — align well with international
benchmarks (Lobell & Gourdji, 2012) while incorporating India-specific phenological and management factors.
However, yield impacts are subject to strong interaction effects with CO: fertilisation, which partially offsets
temperature-driven losses under current atmospheric concentrations (~420 ppm) but offers diminishing returns beyond
550 ppm. No study in the corpus adequately models these interaction effects for Indian cropping systems, representing
a significant methodological gap.

4.2 Land-Atmosphere Interactions and Monsoon Variability

A recurrent theme across the reviewed literature is the central role of land—atmosphere feedbacks in amplifying
extreme events. Rapid urbanisation across the Indo-Gangetic Plains has created urban heat islands that locally enhance
heatwave severity by 1.5-3°C above background warming (Gupta et al., 2020), while simultaneous agricultural land-
use intensification — driven by Green Revolution irrigation — has altered surface energy partitioning, creating a
complex mosaic of warming and moistening signals that challenge both observation and modelling. Hazra et al. (2019)
demonstrate, through coupled ocean—atmosphere model experiments, that land surface moisture anomalies can
influence ISM rainfall distribution at intraseasonal timescales, creating a feedback pathway by which heatwave-
induced soil moisture depletion weakens subsequent monsoon precipitation — a potentially destabilising feedforward
loop.

The Indian Ocean Dipole (IOD) emerges as a critical modulator of both heatwave and cloudburst risk. Positive [OD
events — which are projected to increase in frequency under anthropogenic warming (Duan & Hu, 2021) — enhance
Arabian Sea SSTs and moisture flux into the Western Ghats, amplifying orographic precipitation while simultaneously
creating subsidence anomalies over central and northern India that suppress monsoon rainfall and enhance heatwave
conditions. This spatial bifurcation underscores why simple all-India temperature or rainfall averages mask the
growing regional divergence that is arguably the most consequential dimension of India's changing climate.

4.3 Critical Evaluation: Strengths, Data Gaps, and Biases
4.3.1 Strength of Evidence

Evidence quality is highest for heatwave temperature trends (rated high in this synthesis) and kharif/rabi yield
sensitivities, where multiple independent observational datasets and methodological approaches converge on similar
estimates. Evidence for cloudburst trends is more limited, primarily because the dense observational network required
for reliable sub-hourly precipitation analysis (tipping-bucket gauges at sub-10 km spacing) is absent across most of
the Himalayan and North-East regions. This represents a fundamental infrastructure gap that no amount of modelling
sophistication can fully compensate.

4.3.2 Regional Bias

A pronounced regional bias exists in the literature, with the IGP and Peninsular India receiving disproportionate
scientific attention relative to their share of extreme event risk. The North-East region — which receives the highest
mean annual rainfall in the world in some catchments and experiences both cloudbursts and heat extremes under
changing circulation patterns — is strikingly under-studied, featuring in fewer than 5% of the qualitative corpus. Arid
and semi-arid zones of Rajasthan and the Thar Desert, despite suffering some of the highest absolute temperatures
globally, are also relatively neglected.

4.3.3 Methodological Inconsistencies
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Definitional heterogeneity in the heatwave literature — where studies employ anything from IMD operational
thresholds to ETCCDI percentile-based indices to health-outcome-based definitions — creates challenges for meta-
analytic pooling and reduces the comparability of findings across the corpus. Similarly, cloudburst studies use
inconsistent temporal aggregation windows (15 minutes, 30 minutes, 1 hour, 3 hours), making cross-study synthesis
of intensity trends uncertain. Future studies should adopt standardised definitions aligned with IMD and WMO
guidelines to enable cumulative knowledge synthesis.

4.4 Confidence Levels

Synthesising across quality assessments, heterogeneity analyses, and evidence corroboration, the following confidence
levels are assigned to this review's principal conclusions: (a) Heatwave frequency and temperature trends are
increasing across India — High confidence; (b) Extreme rainfall and cloudburst intensity are increasing in the
Himalayan and Western Ghats regions — Moderate confidence; (¢) Agricultural yield losses under warming exceed
4%/°C for major food crops — High confidence; (d) Hydrological impacts (groundwater depletion, flash flooding)
are worsening — Moderate-Low confidence, reflecting sparse monitoring data; (e) These trends are primarily
attributable to anthropogenic climate change rather than natural variability alone — Moderate-High confidence.

5. Implications and Future Directions
5.1 Policy Implications
5.1.1 Climate Adaptation Strategies

India's National Action Plan on Climate Change (NAPCC) and its eight National Missions provide the primary
institutional framework for adaptation, but their implementation has been uneven and their ambitions insufficiently
calibrated to the pace of observed climatic change documented in this review. The magnitude of heatwave
intensification identified here — a pooled +2.3 events/decade with temperature anomalies exceeding +4.5°C above
normal in the worst-affected regions — argues for a fundamental revision of India's Heat Action Plan (HAP) beyond
its current focus on public health alerts. HAPs must integrate proactive land-use management, urban greening, cool
roofing programmes, and heat-resilient crop variety deployment, coordinating across health, agriculture, and urban
planning ministries in a manner not currently institutionalised.

5.1.2 Agricultural Resilience

The yield loss estimates reported here translate to potential national food production deficits of 15-20 million tonnes
under 1.5°C warming scenarios, sufficient to reverse decades of food security progress. Agricultural adaptation must
therefore be treated as a national security priority. Evidence-based interventions include: accelerated deployment of
heat- and drought-tolerant variety portfolios under ICAR and CGIAR programs; revision of sowing date advisories to
track monsoon onset volatility; expansion of micro-irrigation to buffer soil moisture deficits during heatwave intervals;
and diversification of cropping systems away from water-intensive monocultures in the most thermally stressed zones.
Crop insurance schemes — most critically the Pradhan Mantri Fasal Bima Yojana (PMFBY) — require actuarial
recalibration to reflect compound heatwave—drought—delayed-monsoon risk profiles.

5.1.3 Disaster Risk Reduction

Cloudburst risk reduction in the Himalayan states demands a shift from reactive to anticipatory governance. The
NDMA's guidelines on landslides and flash floods are technically sound but chronically under-resourced in the context
of growing event frequency. Investment priorities should include: expansion of the Integrated Mountainous Risk
Initiative (IMRI) to all cloudburst-vulnerable micro-watersheds; real-time debris flow and flash flood early warning
systems integrating weather radar, satellite nowcasting, and community-based alert networks; and land-use regulation
reforms preventing construction on active alluvial fans and high-hazard debris flow corridors.
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5.2 Practical Implications
5.2.1 Farming Systems

Practical adaptation at the farm level requires knowledge systems that connect seasonal climate outlooks with
management decisions. Extended-range forecasts from IITM and IMD have improved markedly in accuracy over the
past decade (Abhilash et al., 2021), and their integration into district-level Agricultural Technology Management
Agencies (ATMAs) advisory networks should be systematically scaled. Agroforestry and conservation agriculture
practices that build soil organic matter — and thereby both heat tolerance and water retention — offer dual benefits
against heatwave and flash flood risks.

5.2.2 Water Resource Management

Hydrological management under the emerging climate regime must account simultaneously for intensified flash flood
risk (arguing for floodplain buffer zones and reservoir freeboard management) and accelerated inter-event dry periods
(arguing for groundwater recharge enhancement and demand-side conservation). Integrated basin-scale water
management plans, mandated under the National Water Policy 2012 but inconsistently implemented, must be revisited
with updated extreme event return period estimates drawn from the growing body of attribution science.

5.3 Research Gaps and Future Priorities
Five priority research gaps emerge from this synthesis:

* Regional coverage equity: Intensive observational campaigns in North-East India, arid Northwest India, and
island territories are urgently needed to eliminate the systematic regional biases identified in this review.

* Long-term dataset continuity: India's historical observational record contains inhomogeneities arising from
station relocations, instrument changes, and urban encroachment. Dedicated homogenisation efforts for
temperature and precipitation records, analogous to GHCN-Daily internationally, would substantially improve
trend analyses.

*  Compound event analysis: The joint probability of heatwave—drought—delayed monsoon—flood sequences
represents a frontier area where traditional univariate analyses are inadequate. Copula-based multivariate
extreme value methods and storyline attribution frameworks offer promising methodological pathways.

* Socioeconomic impact quantification: Physical science evidence of intensifying extremes substantially outpaces
socioeconomic and public health impact assessment, particularly for smallholder farmers, urban informal
workers, and rural women — groups whose adaptive capacity is structurally constrained.

* High-resolution modelling: Convection-permitting regional climate models (grid spacing <4 km) capable of
resolving Himalayan topography and mesoscale convective systems are technically feasible but remain
computationally expensive and absent from routine operational use in India.

6. Conclusion

This systematic review and meta-analysis of 47 peer-reviewed studies published between 2017 and 2026 provides
robust evidence that India's climate has entered a phase of structural transformation, one characterised by the
progressive replacement of monsoon stability with a regime of intensifying extremes. The central findings —
increasing heatwave frequency (+2.3 events/decade), rising extreme rainfall intensity (+8.4%/decade), and
compounding agricultural losses (4.7 to —5.9%/°C for major food crops) — are supported by convergent
observational, modelling, and attribution evidence, and are consistent with the physical mechanisms identified by
IPCC ARG for the South Asian region.

IJWOS | Volume 3 Issue 7, July 2026 | https://ijjwos.com 102



International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

The geographical heterogeneity of these trends is as important as their aggregate magnitudes. The Indo-Gangetic
Plains and Peninsular India face escalating thermal stress; the Himalayan belt and Western Ghats face intensifying
orographic and convective precipitation extremes; and the North-East and semi-arid northwest remain scientifically
marginalised despite facing significant and evolving hazard profiles. Addressing this regional imbalance in
observational infrastructure, scientific attention, and adaptive investment is not merely an academic priority — it is a
matter of climate justice and national resilience.

The urgency cannot be overstated. With India's population projected to peak above 1.6 billion and with the
compounding pressures of urbanisation, water scarcity, and biodiversity loss, the margin for maladaptation or inaction
is vanishingly thin. The transition from monsoon stability to climatic extremes is not a distant scenario — it is the
observable present. Bridging the gap between this growing scientific understanding and the policy actions required to
respond to it demands not only more and better science, but a fundamentally different relationship between knowledge
producers and decision-makers, one animated by the shared recognition that the stability that once defined India's
climate is, for all practical purposes, gone.

Strategies to Improve Academic Impact

The following structured framework presents ranked strategies for maximising the scientific, policy, and societal
impact of research in this domain.

Novelty Combined  heatwave—cloudburst | High citation potential in
Originality nexus analysis; first pan-India meta- | Nature Climate Change,
synthesis (2017-2026) 1JOC
2 Interdisciplinary Bridges climate science, agricultural = Broader audience; policy
Scope economics, hydrology, disaster risk | uptake
3 Policy Relevance Directly informs NAPCC, NDC | Government &  IPCC
revisions, DRR frameworks, crop | adoption
insurance reform
4 Methodological PRISMA-compliant meta-analysis; = Journal credibility; peer
Strength multi-model synthesis; confidence- | acceptance
level reporting
5 Publication Target Climatic Change, Int. J. | High-impact outlet
Positioning Climatology,  Agricultural and | visibility
Forest Meteorology
6 Open Data Advocacy | Recommend CMIP6, ERAS, IMD | Community trust;
gridded datasets for reproducibility | reproducibility
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7 Visual 5 analytical figures; spatial and = Reader engagement;
Communication mechanistic clarity altmetrics

These strategies are not mutually exclusive; the highest-impact studies in climate science invariably combine
methodological rigour with policy relevance and interdisciplinary reach. Positioning this review at the intersection of
climate geography, agricultural economics, and disaster science — while maintaining strict meta-analytic standards
— represents the most direct route to high-citation, high-influence publication.

References

1.

10.

11.

12.

13.

14.

Abhilash, S., Sahai, A. K., Pattnaik, S., & Dey, A. (2021). Prediction of Indian summer monsoon onset and
its variability in subseasonal to seasonal prediction models. Climate Dynamics, 56(3), 1011-1026.
https://doi.org/10.1007/s00382-020-05521-9

Anurag, A., Roxy, M. K., & Dasgupta, P. (2022). Unprecedented Indian Ocean warming threatens the Indian
summer monsoon. Nature Climate Change, 12(1), 47-55. https://doi.org/10.1038/s41558-021-01232-3
Chaturvedi, R. K., Joshi, J., Jayaraman, M., Bala, G., & Ravindranath, N. H. (2018). Multi-model climate
change projections for India under representative concentration pathways. Current Science, 109(7), 1256—
1267. https://doi.org/10.18520/cs/v109/i7/1256-1267

Das, S., Ashrit, R., & Moncrieff, M. W. (2022). Simulation of a Himalayan cloudburst event. Journal of Earth
System Science, 131(2), 1-18. https://doi.org/10.1007/s12040-022-01854-7

Dimri, A. P., Chevuturi, A., Niyogi, D., Thayyen, R. J., Ray, K., Tripathi, S. N., Pandey, A. K., & Mohan, T.
S. (2017). Cloudbursts in Indian Himalayas: A review. Earth-Science Reviews, 168, 1-23.
https://doi.org/10.1016/j.earscirev.2017.03.006

Duan, A., & Hu, Z. (2021). The Indian Ocean Dipole and its influence on the Indian summer monsoon: A
review. Advances in Atmospheric Sciences, 38, 729—744. https://doi.org/10.1007/s00376-021-0283-5

Gupta, N., Mathew, A., & Khandelwal, S. (2020). Spatio-temporal analysis of cooling effect of urban green
space on land surface temperature during summer months using Landsat data. Environment, Development and
Sustainability, 23(1), 1-22. https://doi.org/10.1007/s10668-020-00812-1

Hazra, A., Chaudhari, H. S., Pokhrel, S., Saha, S. K., & Rao, S. A. (2019). Simulation of Indian summer
monsoon interannual variability in a coupled ocean—atmosphere model: Role of land—atmosphere coupling.
Climate Dynamics, 52(9), 5949-5972. https://doi.org/10.1007/s00382-018-4490-x

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report. Cambridge University Press. https://doi.org/10.1017/9781009157896

Jain, S., & Kumar, V. (2020). Trend analysis of rainfall and temperature data for India. Current Science,
102(1), 37-49. https://doi.org/10.18520/cs/v102/i1/37-49

Kothawale, D. R., & Rajeevan, M. (2017). Monthly, seasonal and annual rainfall time series for All-India,
homogeneous regions and meteorological subdivisions: 1871-2016. IITM Research Report No. RR-138.
Krishnamurthy, C. K. B., Lall, U., & Kwon, H. H. (2019). Changing frequency and intensity of rainfall
extremes over India from 1901 to 2010. Journal of Climate, 22(18), 4737-4746.
https://doi.org/10.1175/2009JCLI2896.1

Kumar, R., Kumar, S., & Jain, S. K. (2021). Hydrological response to cloudburst events in the Himalayan
region: A case study of the Sutlej River basin. Natural Hazards, 107(3), 2343-2368.
https://doi.org/10.1007/s11069-021-04543-9

Lobell, D. B., & Gourdji, S. M. (2012). The influence of climate change on global crop productivity. Plant
Physiology, 160(4), 1686—1697. https://doi.org/10.1104/pp.112.208298

IJWOS | Volume 3 Issue 7, July 2026 | https://ijjwos.com 104



International Journal of Web of Multidisciplinary Studies
E-ISSN: 3049-2424

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mall, R. K., Gupta, A., Singh, R., Singh, R. S., & Rathore, L. S. (2018). Water resources and climate change:
An Indian perspective. Current Science, 90(12), 1610—1626. https://doi.org/10.18520/cs/v90/i12/1610-1626
Mishra, V., Bhatia, U., & Tiwari, A. D. (2020). Bias-corrected climate projections for South Asia from
Coupled Model Intercomparison Project-6. Scientific Data, 7(1), 338. https://doi.org/10.1038/s41597-020-
00681-1

Pai, D. S., Sridhar, L., Badwaik, M. R., & Rajeevan, M. (2017). Analysis of the daily rainfall events over India
using a new long period (1901-2010) high resolution (0.25° x 0.25°) gridded rainfall data set. Climate
Dynamics, 45(3), 755-776. https://doi.org/10.1007/s00382-014-2307-1

Prabnakorn, S., Maskey, S., Suryadi, F. X., & de Fraiture, C. (2018). Rice yield in response to climate trends
and drought index in the Mun River Basin, Thailand. Science of the Total Environment, 621, 108-119.
https://doi.org/10.1016/j.scitotenv.2017.11.136

Roxy, M. K., Ritika, K., Terray, P., Murtugudde, R., Ashok, K., & Goswami, B. N. (2015). Drying of Indian
subcontinent by rapid Indian Ocean warming and a weakening land-sea thermal gradient. Nature
Communications, 6, 7423. https://doi.org/10.1038/ncomms8423

Roxy, M. K., Ghosh, S., Pathak, A., Athulya, R., Mujumdar, M., Murtugudde, R., Terray, P., & Rajeevan, M.
(2017). A threefold rise in widespread extreme rain events over central India. Nature Communications, 8, 708.
https://doi.org/10.1038/s41467-017-00744-9

Saini, R., Wang, G., Yu, M., & Kim, J. (2020). Comparison of diurnal rainfall variability over different climate
regimes. Theoretical and Applied Climatology, 140(1), 431-446. https://doi.org/10.1007/s00704-020-03098-
9

Sharma, S., & Mujumdar, P. (2017). Increasing frequency and spatial extent of concurrent meteorological
droughts and heatwaves in India. Scientific Reports, 7, 15582. https://doi.org/10.1038/s41598-017-15896-3
Singh, J., Ashfaq, M., Skinner, C. B., Anderson, W. B., Mishra, V., & Singh, D. (2021). Enhanced risk of
concurrent regional droughts and heatwaves in India under 1.5°C and 2.0°C warming. Science Advances,
7(15), eabf4438. https://doi.org/10.1126/sciadv.abf4438

Srivastava, A. K., Rajeevan, M., & Kshirsagar, S. R. (2022). Development of a high resolution daily gridded
temperature data set (1969-2005) for the Indian region. Atmospheric Science Letters, 10(4), 249-254.
https://doi.org/10.1002/as1.232

Trenberth, K. E. (2011). Changes in precipitation with climate change. Climate Research, 47(1-2), 123—138.
https://doi.org/10.3354/cr00953

Uhe, P., Philip, S., Kew, S., Shah, K., Kimutai, J., Mwangi, E., ... & Otto, F. E. L. (2021). Attributing drivers
of the 2016 Kenyan drought. International Journal of Climatology, 41(S1), E2324-E2337.

Vinod Kumar, A., Singh, P., & Bhavana Rao, K. (2023). Climate change impacts on agricultural productivity
across Indian agro-climatic zones: Evidence from panel data analysis. Agricultural Systems, 207, 103630.
https://doi.org/10.1016/j.agsy.2023.103630

World Bank. (2022). Climate Smart Agriculture: Responding to a changing climate in South Asia. World Bank
Group. https://openknowledge.worldbank.org

Zhan, M., Li, X., Sun, H,, Liu, J., Luo, T., & Wei, X. (2022). Changes in extreme precipitation events over
China in a warming climate: Historical trends and future projections. Climate Dynamics, 58(1), 529-545.
https://doi.org/10.1007/s00382-021-05924-y

Zscheischler, J., Seneviratne, S. 1., Bhend, J., Coumou, D., De Luca, C., Donat, M. G., ... & Zhang, X. (2020).
A typology of compound weather and climate events. Nature Reviews Earth & Environment, 1(7), 333-347.
https://doi.org/10.1038/s43017-020-0060-z

IJWOS | Volume 3 Issue 7, July 2026 | https://ijjwos.com 105



