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Abstract

Extreme precipitation events pose severe risks to life, infrastructure, and livelihoods across
India, yet the extent to which observed changes in these events can be attributed to human
influence has remained largely unexplored. This thesis presents the first comprehensive
detection and attribution (D& A) study of changes in extreme precipitation over India during
1905-2014, using observational datasets, CMIP6 climate model simulations, process-

based diagnostics, and formal D&A frameworks.

The thesis begins with a comprehensive assessment of extreme precipitation indices de-
rived from multiple observational datasets. While the datasets show broad agreement
in the spatial distribution of precipitation extremes, important differences exist in their
representation of magnitude, variability, and rainfall persistence. High-resolution datasets
such as IMD and TMPA generally capture stronger rainfall intensities and variability,
whereas Aphrodite and GPCP tend to underestimate extreme rainfall intensity. In contrast,
Aphrodite exhibits a pronounced positive bias in consecutive wet days (CWD) relative to
IMD. These findings highlight the substantial uncertainties associated with observational
estimates of precipitation extremes over India. Despite these uncertainties, the clima-
tology of precipitation extremes exhibits strong spatial heterogeneity, with the highest
rainfall intensity and frequency occurring over the Western Ghats and Northeast India due
to the combined influence of monsoon circulation and orography. Long-term trends reveal
pronounced regional contrasts. Intensification of rainfall extremes is evident over the
West Central and Northwest regions, whereas Northeast India exhibits declining rainfall
extremes and frequency. The results further demonstrate strong non-stationarity in precip-
itation trends, with multidecadal regime shifts and substantial modulation by large-scale
climate modes such as the El Nifno-Southern Oscillation (ENSO) and the Indian Ocean
Dipole (I0OD). Across several regions, rainfall is increasingly concentrated into fewer but

more intense events, indicating a reorganization of rainfall characteristics.

Evaluation of the CMIP6 multi-model ensemble confirms that climate models reproduce



the large-scale climatological distribution and historical evolution of precipitation ex-
tremes over India with reasonable fidelity despite limitations in representing localized
orographic extremes. Analysis of individual forcing experiments reveals that greenhouse
gas (GHG) forcing consistently intensifies precipitation extremes across all regions and
indices, while anthropogenic aerosol forcing exerts a pervasive and opposing suppressive
influence. The historical all-forcing response emerges as the net result of these competing
anthropogenic influences, while natural forcing alone contributes comparatively little to

long-term changes.

A diagnostic decomposition of extreme precipitation changes into thermodynamic and
dynamic contributions demonstrates that thermodynamic intensification, driven primarily
by GHG-induced warming and enhanced atmospheric moisture, constitutes the dominant
externally forced component of long-term change. Dynamic contributions, associated
with circulation variability, act as regional modulators that redistribute rather than sys-
tematically amplify or suppress the change. Signal-to-noise analyses demonstrate that the
thermodynamic component is the only response that emerges clearly above internal climate
variability, with GHG forcing identified as its dominant driver. Dynamic contributions,
although important for regional patterns, remain largely indistinguishable from internal

variability at the All-India scale.

Pattern-based D&A at the All-India level establishes that the observed intensification of
heavy precipitation indices is inconsistent with internal climate variability and natural
forcing alone and is primarily attributable to anthropogenic GHG forcing. Reductions
in moderate-rainfall frequency and wet-spell duration are more closely associated with
anthropogenic aerosol forcing, highlighting the distinct and competing roles of GHGs and

aerosols in shaping the Indian hydroclimate.

Finally, a regression-based D&A analysis using the Regularized Optimal Fingerprinting
(ROF) framework is performed for All-India and homogeneous monsoon regions. This
constitutes the first comprehensive regional-scale attribution study of extreme precipita-

tion changes over India. The analysis demonstrates robust detection and attribution of



GHGe-driven intensification in extreme precipitation indices across the West Central and
Central Northeast regions, as well as at the All-India scale for several intensity metrics.
Anthropogenic aerosol forcing is also detected and attributed as a significant counteract-
ing influence that has historically suppressed part of the GHG-induced increase in rainfall
extremes. Attribution is strongest for intensity-based indices, while total precipitation,
rainfall frequency, and duration indices exhibit weaker and more regionally dependent
attribution. Northeast India emerges as a particularly complex region where multidecadal

variability appears to play a dominant role in shaping observed rainfall changes.

The findings demonstrate that the historically modest observed increase in extreme pre-
cipitation over India does not reflect weak sensitivity but rather the approximate balance
of two large opposing anthropogenic forcings. As aerosol emissions decline in response
to air quality improvements while GHG concentrations continue to rise, the suppressive
aerosol effect is expected to weaken, potentially unmasking a more rapid intensification of
rainfall extremes. These results carry important implications for climate risk assessment,
infrastructure planning, water-resource management, and adaptation strategies across the

Indian subcontinent.
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BIRFT @ off 1 Agayl UfAadRT (counteracting) ¥Md & U H Uga™T 3R IR
forar o B O e wu & srfgf § GHG-IRA gfg & ta sy ot gar feam 21
derar-amenRa Faaie! & foly ORIV He¥ ol &, S et aut, aui &l g AR
31afer g HAGR IR 31fed &=-FR TomRIver yefefa axd €1 yator 9Rd U gy &g
ST & & B H IWRAT & 9181 Ig-ahid IRacHeferar < T auf gRacii ®I 3ThR o
5 yRg i reht wefid gt 21

forsepy I Uefeld oxal & o TRA R H 1t H UfderRie vu & <&@l T8 AFeh Iig IR
Haemsfterdt (weak sensitivity) @1 T8l gafdt 8, afed T8 a1 o< Rl aFasa wifkfT
& SFATT T BT THIU 2| IR o<l H GIR & Holed?oy oii-oid R Iodo o
fiRtae a1l &, I8 GHG HAisdT § gig IRT & 8, a1 Wl & SdR! T HAAR B
$I Ifie 2, e auf & =xa dEren o1 afde deft ¥ difiexu (intensification)
TR U I FHA M Fohell 81 A IRUM ARAT STHETeT H Serdrg, SHEH Jedie,
gRIE @™ B AISHI, Jo-HHEd YEEE IR 3fger WMIGAl  (adaptation
strategies) & falu Fecayguf fAfgaref (implications) & gl




	Certificate
	Acknowledgements
	Abstract
	Contents
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 Background
	1.1.1 The D&A Framework 
	1.1.2 Global Changes in Precipitation Extremes
	1.1.3 The Anthropogenic Fingerprint in Rainfall Changes
	1.1.4 Thermodynamic and Dynamic Drivers of precipitation extremes
	1.1.5 Challenges in Regional Scale D&A
	1.1.6 Precipitation Extremes over India

	1.2 Motivation and Research Gaps
	1.3 Objectives of the thesis
	1.4 Structure of the Thesis

	2 Characteristics of Extreme Precipitation over India from Observations
	2.1 Introduction
	2.2 Region of Study
	2.3 Data and Methods
	2.3.1 The ETCCDI Extreme Precipitation Indices
	2.3.2 Observational Datasets
	2.3.3 Wavelet Analysis
	2.3.4 Climate Variability Indices

	2.4 Results and Discussion
	2.4.1 Characteristics of ETCCDI Precipitation Indices over India
	2.4.1.1 Climatological Characteristics of Extreme Precipitation over India
	2.4.1.2 Regional Characteristics of ETCCDI Precipitation Indices across Homogeneous Monsoon Regions

	2.4.2 Trends in Extreme Precipitation Indices over India
	2.4.2.1 All-India Trends in Extreme Precipitation Indices
	2.4.2.2 Regional Trends across Homogeneous Monsoon Regions

	2.4.3 Variability in Extreme Indices
	2.4.3.1 Multidecadal Variability of Extreme Precipitation Indices
	2.4.3.2 Spectral Characteristics of Extreme Indices
	2.4.3.3 ENSO Teleconnections with ETCCDI Indices
	2.4.3.4 IOD Teleconnections with ETCCDI Indices


	2.5 Conclusions and Discussion

	3 Representation of Extreme Precipitation in CMIP6 Individual Forcing Simulations
	3.1 Introduction
	3.2 Data and Methods
	3.2.1 CMIP6 Simulations and Models
	3.2.2 Observational data
	3.2.3 Data Processing and Regridding

	3.3 Results and Discussion
	3.3.1 Climatology of Indices in the CMIP6 Historical Simulations
	3.3.2 Observed Long-Term Trends in ETCCDI Indices
	3.3.3 Extreme Precipitation Trends in CMIP6 Simulations
	3.3.4 Regional Evolution of ETCCDI Indices in CMIP6 Simulations

	3.4 Conclusions and Discussion

	4 Contributions of Dynamic and Thermodynamic Drivers to Long-Term Changes in Precipitation Extremes
	4.1 Introduction
	4.2 Data and Methods
	4.2.1 Datasets
	4.2.2 Dynamic-Thermodynamic Decomposition of Precipitation Extremes
	4.2.3 Signal-to-Noise Ratio

	4.3 Results and Discussion
	4.3.1 Diagnostic Estimates Using Reanalysis Datasets and the CMIP6 Models
	4.3.2 Thermodynamic and Dynamic Contributions to Changes in Extreme Precipitation Indices
	4.3.3 D&A

	4.4 Conclusions and Discussion

	5 Pattern-Based D&A of Extreme Precipitation Changes over India
	5.1 Introduction
	5.2 Data and Methods
	5.2.1 Observational Data
	5.2.2 Model Data and Forcing Experiments
	5.2.3 Fingerprint Construction
	5.2.4 Signal Estimation and Noise Characterisation
	5.2.5 D&A Method

	5.3 Results and Discussion
	5.3.1 Evolution of Extreme Precipitation Indices (1905-2014) in Observations and Individual Forcing Simulations
	5.3.2 Comparison of Observed and Model-Simulated Extreme Indices
	5.3.3 Dominant Modes of Forced Variability in CMIP6 Forcing Simulations
	5.3.4 Projection of Observations onto the Fingerprint
	5.3.5 D&A

	5.4 Conclusions and Discussion

	6 Regression-Based D&A Using the Regularized Optimal Fingerprinting Framework
	6.1 Introduction
	6.2 Data and Methods
	6.2.1 Observational Data and Study Region
	6.2.2 Model Data
	6.2.3 Regularised Optimal Fingerprinting (ROF)
	6.2.4 Transformations
	6.2.5 Processing of Data

	6.3 Results and Discussion
	6.3.1 Observed Trends in Extreme Precipitation
	6.3.2 Comparison of Observation and Model Simulations
	6.3.3 Extreme Precipitation in Individual Forcing Simulations
	6.3.4 D&A

	6.4 Conclusions and Discussion

	7 Conclusions and Scope for Future Work
	7.1 Conclusions
	7.2 Future Scope

	References
	List of Publications
	Curriculum Vitae

