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PREFACE 

The South Asian Summer Monsoon (SASM) stands out as a predominant component of the 

global monsoon system, contributing 80% of the annual rainfall in the area and directly 

supporting livelihoods and agricultural practices. Due to the indigenous land-sea configuration 

and the particular atmosphere-ocean-land interaction involved, SASM exhibits unique 

characteristics in terms of their evolution, variability, and impact. In addition to intraseasonal 

and interseasonal variations, the South Asian regions frequently experience extreme 

precipitation events during the monsoon season. These extreme events have the potential to 

cause property damage, environmental harm, and even fatalities. In the current context of 

reported climate change and global warming scenarios, understanding the mechanism and 

variability of the South Asian monsoon and its extremes becomes crucial. This understanding 

facilitates planning and mitigation purposes and supports the development of proficient 

forecasts and predictions. It is also essential to comprehend how these events are evolving and 

may change in the future, particularly for developing countries in the region, such as India. 

These countries face challenges due to their low adaptive capacity, resulting from both 

geographical and socio-economic features. It is essential to assess how well global climate 

models, predominantly used for creating projections, realistically simulate precipitation 

extremes in these regions. This evaluation becomes crucial for informed decision-making and 

adaptation strategies in the face of evolving climate patterns. The thesis titled “Physical and 

Dynamical Characteristics of Extreme Climate Events and Their Future Projections 

Using Coupled Models Over South Asian Regions” aims to explore the characteristics of 

SASM rainfall and its extremes in prominent regions selected based on spatiotemporal features.  

The thesis is structured as follows: Chapter 1 introduces the study, outlining its scope and 

objectives. It briefly overviews global monsoon systems and their features, highlighting the 

variability of the South Asian summer monsoon and extreme rainfall events (EREs) during the 

season. Additionally, the chapter reviews the previous studies on SASM extremes. It also 

includes a brief note on the coupled model intercomparison project (CMIP) and projection 

studies concerning SASM rainfall and its extremes. Chapter 2 details the data and 

methodologies employed in the study to address the objectives. The data section gives a concise 

overview of the observational and model rainfall data used in this study, along with other 

relevant climatological data. The methodology section covers details such as the study area, 

methods employed for analyzing the physical and dynamical features of extreme rainfall 



events, and the statistical methods adopted in the analysis. Chapter 3 describes the physical 

characteristics of the SASM mean and extreme rainfalls over the selected regions and their 

association with global climate indices. This section illustrates the spatiotemporal variability 

and associated characteristics of SASM mean and extreme rainfalls and the selection of 

prominent regions based on the decadal trend of extreme rainfall amounts. Alongside spatial 

trends, the study illustrates the evolution and dissipation features of EREs in the chosen 

regions. It also discusses the interannual variability and probability distribution of mean rainfall 

and EREs and analyzes the association of SASM rainfall and its extremes with various global 

climate indices. Chapter 4 illustrates the dynamical characteristics of summer monsoon EREs 

in the selected regions over South Asia. Exploring the circulation and other meteorological 

parameters conducive to regional EREs is the primary focus of this chapter. Chapter 5 presents 

the selection of CMIP6 GCM models based on their ability to simulate the characteristics of 

SASM rainfall and EREs. The chapter also analyses the capability of selected CMIP6 GCM 

models to simulate the regional characteristics of summer monsoon rainfall and extremes. 

Chapter 6 explores the projected changes in summer monsoon EREs in the future under 

different shared socioeconomic pathways (SSP) Scenarios, using the selected CMIP6 models. 

Chapter 7 summarizes the overall thesis work, highlighting important findings and concluding 

remarks. The future prospects of this work and recommendations are presented in Chapter 8. 
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CHAPTER 1 

INTRODUCTION 

1.1 An Introduction to Monsoon  

‘Monsoon’ is used to describe a seasonal climate with a noticeable change in the direction of 

the prevailing winds in the lower troposphere between winter and summer, along with 

associated precipitation (Ramage, 1971; Rao, 1976). The word ‘monsoon’ is taken from the 

Arabic word ‘Mausam’ (Gadgil, 2006), which means seasons. Arab sailors used this term to 

represent the seasonal variations of the winds over the Arabian Sea (Ramage, 1971). In 

common parlance, rainfall during specific rainy seasons is referred to as a monsoon (Gadgil, 

2007). The following criteria were put forth by Ramage (1971) to identify the monsoon regions 

of the world: (1) the predominant wind direction changes by at least 120° between January and 

July; (ii) the prevailing wind occurs more than 40% of the time on average between January 

and July. Accordingly, he defined the principal monsoon areas as shown in Figure 1.1. The 

monsoon is the most energetic climate system in the tropics, and it has a tremendous social and 

economic impact on billions of people around the world. It is essentially driven by solar forcing 

and constrained by the planetary-scale overturning circulation (Trenberth et al., 2006; Hsu, 

2016). A pair of upper-level twin anticyclones situated in the subtropics of both hemispheres 

is a common characteristic of tropical monsoon systems (Yim et al., 2014). An empirical 

orthogonal function (EOF) analysis of multiple variables, including climatological monthly 

precipitation and low-level wind fields, indicates that the tropical monsoon exhibits two 

primary modes: a solstitial mode and an equinoctial asymmetry mode (Wang and Ding, 2008).  

Figure 1.1: Delineation of monsoon region. Monsoonal areas are Hatched. The area 
inside the box is the classic monsoon climate regime (adapted from Ramage, 1971). 
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Various studies have thoroughly discussed the complicated nature of the seasonal reversal of 

winds and the associated precipitation (e.g. Ramage, 1971; Webster et al., 1998; Trenberth et 

al., 2006; Goswami et al., 2006). The primary cause of all monsoon systems is the springtime 

solar heating of the land, which contributes to the creation of a land-sea temperature difference 

(Webster et al., 1998). The fact that the land is warmer than the nearby water causes a contrast, 

resulting in a low-level flow of moisture from the adjacent oceans, precipitating during 

convection over monsoonal regions. The latent heat generated by convection high above the 

ground surface draws in additional rainfall, sustaining the wet season as the monsoon season 

progresses over the summer. The peak solar heating shifts with the seasons, initially moving 

towards the equator and subsequently into the Southern Hemisphere (SH), leading to a reversal 

in temperature and related warming patterns between the land area and adjacent oceans.  As a 

result, the wind direction also reverses, leading to a shift in monsoon rainfall to the opposite 

hemisphere in response to the seasonal changes. The monsoon system's driving mechanisms 

are also thought to include the vorticity of the monsoonal winds caused by the Earth's rotation 

and the moist processes in the atmosphere (Chandrasekar, 2010). The theoretical developments 

and observational studies suggest an interpretation of the monsoons as localized seasonal 

migrations of the Inter-Tropical Convergence Zone (ITCZ) (Charney, 1969; Geen et al., 2020). 

Goswami (2005) explained that the seasonal migration of the ITCZ, or equatorial trough, is in 

response to the seasonal variation at the latitude of maximum insolation. 

1.2 Global Monsoon 

Monsoon regions are widely used to describe areas where the winter dry and summer rainy 

seasons alternate (Webster, 1987; WCRP - World Climate Research Programme). With 

significant local, regional, and global effects, monsoon systems are the predominant variable 

in the tropical climate system (WCRP). The monsoon region spans all tropical continents and 

the tropical waters of the western North Pacific, the eastern North Pacific, and the southern 

Indian Ocean (WCRP). The evolution of each specific monsoon system is governed by the 

region's orography, local land-sea arrangements, and feedback from the many components of 

the climate system (Webster, 1987; Goswami, 2005). The various monsoon domains, based on 

precipitation characteristics, are defined by regions where annual rainfall exceeds 180 mm, and 

local summer monsoon precipitation accounts for more than 35% of the annual rainfall (Wang 

and Ding, 2006). Figure 1.2 represents the global land monsoon regions defined according to 

rainfall climatology for the period 1901–2020 based on the monthly Climatic Research Unit 

(CRU) precipitation data.  
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Global monsoon precipitation (GMP) over land, representing the total amount of summer 

monsoon precipitation in the land monsoon region, has experienced multi-decadal variations 

in the last century. It showed a slightly increasing trend in the first half, from 1900 to 1950, 

followed by a decreasing trend from the 1950s to the end of the 1970s. After 1980, there has 

been no clear trend (Hsu, 2016). Recent studies, however, have indicated an upward trend in 

GMP in the Northern Hemisphere (NH) over the past three decades. Conversely, the trend in 

Southern Hemisphere GMP is weak and insignificant (Deng et al., 2018; Wang et al., 2020). 

Predicting weather patterns over the ocean has become less certain in the last 30 years. Under 

global warming scenarios, the Coupled Model Intercomparison Projects (CMIP5, CMIP6) 

predict a significant increase in GMP in the twenty-first century. Global warming changes the 

hydrological cycle by increasing the water vapour content in the atmosphere, which contributes 

positively to surface evaporation and moisture convergence (Hsu, 2016). 

The dominant regional monsoon systems over the landmass include the North American 

monsoon (NAM), the Western African monsoon (WAF), the Southern Asian summer monsoon 

or Indian Summer monsoon (SAS or ISM), the East Asian summer monsoon (EAS), the South 

American monsoon (SAM), the South African monsoon (SAF), and the Australian monsoon 

(AUS) (Figure 1.2) (Webster et al., 1998; Wang and Ding, 2008; Zhou et al., 2016; Wang et 

al., 2020; Chang et al., 2022). The characteristics and changes of each regional monsoon have 

been extensively studied over the last few decades (Meehl, 1994; Goswami and Xavier, 2005; 

Turner and Annamalai, 2012; Chang, 2004; Wang et al., 2008; Manton and McBride, 1992; 

Figure 1.2: The global land monsoon regions defined according to rainfall climatology 

for the period 1901–2020 by using monthly CRU precipitation data (taken from Fazal 

et al., 2023). 
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Bowmann et al., 2010; Kutzbach and Liu, 1997; Vera et al., 2006). The characteristics of these 

regional monsoons are briefly described in the following paragraphs. 

The NAM is a complex weather pattern that occurs between June and mid-September. The 

weather is marked by more thunderstorms and rain covering significant parts of the southwest 

United States and northwest Mexico. More than half of the annual precipitation in the region 

is obtained during this season. During the NAM, the surface winds in the northern Gulf of 

California undergo a seasonal reversal, bringing moisture over the region, which results in 

summer thunderstorms, especially at higher elevations (Tang and Reiter, 1984; Badan-Dangon 

et al., 1991; Barlow et al., 1998). The NAM shares many similarities, such as onset, seasonal 

reversal of winds, and the existence of local surface low-pressure centres, with its South Asian 

counterpart (e.g., Tang and Reiter, 1984; Barlow et al., 1998). However, there are differences 

in the diurnal cycle, thunderstorms, and nocturnal nature. The NAM is not as strong and 

impressive as its Indian counterpart, primarily because the Mexican Plateau is not as high (with 

a mean elevation of 1500m) or as large as the Tibetan Plateau (with a mean elevation of 4500m) 

in Asia (Higgins et al., 1997). The planetary boundary layer (PBL) over the Mexican Plateau 

is approximately 850 mb in surface, whereas that of the Tibetan Plateau is 600 mb in surface. 

The SAM is one of South America's most notable summertime weather patterns, exhibiting 

significant seasonal variation in an area between the Amazon and the La Plata Basin (Marengo 

et al., 2012). The landmass extends across the equator from about 10° N to 55° S. Similar to 

the NAM, it contributes to more than 50% of the annual precipitation in the region and shares 

many features with its Asian counterpart (Vera et al., 2006). Moisture transport from the 

Atlantic Ocean and tropical latitudes, along with midlatitude systems, plays an important role 

in modulating the seasonal convection and rainfall over the region (Nogués-Paegle et al., 2002). 

The Australian summer monsoon widely influences the climate of the Australian tropics during 

the period from December to March (Suppiah, 1992). The monsoonal area covers over 90% of 

the Northern Territory, i.e., north of 25°S over Australia (Suppiah, 1992). The AUS exhibits 

many similar features to its Asian counterpart, including a distinct onset, active-break cycles 

during the season, and intraseasonal and interannual variability (Davidson et al., 1982; Hendon 

and Liebmann, 1990a; Drosdowsky, 1996; Wang et al., 2004). The monsoon activity and its 

variations are characterised by the monsoon equatorial trough in the lower atmosphere, low-

latitude westerly winds, the location of the monsoon shear line, and intraseasonal and 

interannual oscillations in the monsoon circulations. It is also modulated by various triggering 
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mechanisms such as tropical cyclones, a NH cold surge in the South China Sea, the westward 

propagation of equatorial westerlies from the Pacific Ocean, and El Niño Southern oscillations 

(Davidson et al., 1982; Suppiah, 1992). 

The Western or Northern African monsoon is a weather phenomenon affecting Africa's western 

region, particularly the Sahel and the Sahara Desert. The geographical area spans 

approximately from 5°N to 20°N in latitude and from 10°W to 20°E in longitude. Like other 

regional monsoons, it is characterised by a seasonal reversal of wind patterns, leading to 

distinct wet and dry seasons in the affected areas. The WAF is influenced by several factors, 

including the temperature contrast between the Sahara Desert and the cooler waters of the 

Atlantic Ocean, as well as the Intertropical Convergence Zone (ITCZ) (Hastenrath, 1991). The 

onset, duration, and intensity of the Northern African monsoon can vary from year to year. The 

peak rainfall activity usually occurs in July and August. Factors such as sea surface 

temperatures (SSTs), atmospheric pressure patterns, and El Niño-Southern Oscillation (ENSO) 

events in the Pacific Ocean also influence its behaviour (Yim et al., 2014).  

The SAF is not as strong and vibrant as other monsoons. The primary drivers of South Africa's 

climate are its topography and the influence of oceanic currents. During the austral summer 

(December to February), the ITCZ shifts southward, bringing moist air and rainfall to the 

region. The SAF is influenced by climate phenomena such as the ENSO and the Indian Ocean 

Dipole (IOD). El Niño is associated with reduced rainfall over southern Africa, resulting in 

drought conditions and decreased agricultural productivity. Positive IOD events featuring 

cooler waters in the eastern Indian Ocean are associated with increased rainfall over southern 

Africa. In comparison, negative IOD events with warmer waters in the eastern Indian Ocean 

can result in drier conditions. 

Alongside external solar forcing, regional monsoons are modulated by internal feedback 

processes such as the ENSO, with a more significant influence from the northern hemisphere 

summer monsoon (NHSM) than the southern hemisphere summer monsoon (SHSM) (Wang et 

al., 2011). However, apart from the AUS, all regional summer monsoons have shown a non-

stationary association with ENSO over the past 55 years. It was discovered that the 

relationships between regional monsoons and ENSO experienced comparable shifts in the 

1970s. The connections strengthened for the summer monsoons in the western North Pacific, 

Northern Africa, North America, and South America. Still, they weakened during the summer 

monsoon in India (with a recovery in the late 1990s) (Yim et al., 2014). 
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More than 50% of the world's population, which primarily relies on agriculture for their 

subsistence, depends on monsoon rainfall, which is essential to their well-being (WCRP). Due 

to its effects on more than 65% of the world's population, the variability in the regional 

monsoon precipitation and atmospheric circulation are of significant scientific and societal 

importance. Predicting how the monsoon will change in the following decades is extremely 

important for building infrastructure, managing water resources, and fostering sustainable 

agricultural and economic growth, especially in less developed countries and regions (Zhou et 

al., 2016). Numerous studies are being carried out to enhance our knowledge of the 

predictability of the monsoon, improve the precision of forecasts, and develop scenarios for 

the effects of human-induced climate change on monsoonal systems globally (WCRP). We can 

create substantial social and economic benefits by making the most of the advantages of 

monsoon rain and reducing the impact of extreme events. This is particularly important in 

countries like those in South Asia and Australia, where we've witnessed these effects over the 

past few decades. (WCRP). 

1.3 Asian Monsoon 

The Asian monsoon is one of the predominant components of the global monsoon (Trenberth 

et al., 2006). Considering the heterogeneity within the monsoon region, it is classified into 

many subsystems, including the Indian monsoon, the East Asian monsoon, the western North 

Pacific monsoon, etc. (Kripalani and Kulkarni, 1997; Wang and LinHo, 2002; Yihui and Chan, 

2005). It comprises both summer and winter counterparts (Ju and Slingo, 1995; Wang et al., 

2006; Wang and Lu, 2017). During the summer monsoon, surface-level south-westerly winds 

prevail with two branches, i.e. the Arabian Sea and Bay of Bengal (BoB) branches. In the 

winter monsoon, the prevailing surface winds near the equator blow from the northeast 

direction, and there is only one branch for it (Wang, 2006). The summer monsoon brings rain 

to the greater part of India from June to September (JJAS period). The Asian monsoon system 

contributes 80% of the annual rainfall in the area, directly supporting the livelihoods and 

agricultural practices of over 20% of the world's population (Turner and Annamalai, 2012). In 

the context of global climate change, comprehending the mechanism and variability of the 

Asian monsoon becomes crucial, facilitating the development of proficient forecasts, 

predictions, and reasonable future projections. While the subsystems of the Asian monsoon 

have strong mutual linkages, they exhibit variations from synoptic to multidecadal and longer 

time scales due to their interaction with the Earth’s Ocean, land, atmosphere, biosphere, and 

others via complex land-ocean coupled processes (Huang et al., 2013; Chen et al., 2019). The 
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influence of ENSO on the Asian summer monsoon (ASM) is crucial (Xie et al., 2016; Li et al., 

2017; Zhang et al., 2018. Other global climate variables, such as the IOD (Saji et al., 1999), El 

Niño Modoki (Ashok et al., 2007; Wang et al., 2018), the Atlantic Multidecadal Oscillation 

(AMO) (Lu et al., 2006; Wei and Lohmann, 2012), and the North Pacific Victoria Mode on the 

Madden-Julian Oscillation (Wen et al., 2020), also exert predictable influences on the 

variability of the Asian monsoon.  

1.4 South Asian Summer Monsoon  

The South Asian summer monsoon (SASM), commonly referred to as the Indian summer 

monsoon (ISM), is typically associated with the June-September (JJAS) rainfall over the Indian 

subcontinent, characterised by a very wet summer and a dry winter (Goswami et al., 2019). 

ISM and its variability are directly linked to water security, food security, economic growth, 

and socio-cultural literacy in the region (Gadgil and Gadgil 2006). Similar to other monsoon 

systems, the SASM is part of an annually reversing wind system and the associated rainfall 

(Ramage, 1971; Rao, 1976). During this season, monsoonal south-westerlies transport 

abundant moisture from the tropical Indian Ocean into the subcontinent, resulting in increased 

precipitation in the region (You and Ting, 2021). It is interpreted that the monsoon is triggered 

by the northward seasonal migration of the east-west oriented precipitation belt (Inter Tropical 

Convergence Zone, ITCZ) from the SH in the winter season to the NH in the summer season 

(Gadgil, 2003).  

Due to the indigenous land-sea configuration and the particular atmosphere-ocean-land 

interaction involved, regional monsoon systems exhibit unique characteristics in terms of their 

evolution, variability, and impact (Zhou et al., 2016). Unlike other monsoons, the Indian 

monsoon is a coupled ocean-atmosphere phenomenon in which the elevated Tibetan Plateau 

heats the warm land and cool ocean, creating a strong north-south gradient that intensifies the 

monsoon over the Indian subcontinent. Land-surface processes are more sensitive in the Indian 

monsoon compared to the narrow continental extent of the AUS (Yasunari et al., 2006), and 

the impact of soil moisture is also significant in relatively dry monsoons such as the Indian 

monsoon (Misra and DiNapoli, 2014). During the break-off states of the ISM, the EAS is quite 

active, and vice versa (Qiangen et al., 1986). Zhou et al. (2008) reported that the North African 

and South Asian monsoons (SAM) have shown significant decreasing tendencies in rainfall 

intensity and coverage area during the last 54 years. During the summer monsoon season in 

India, the convective activity has a remote impact on the North African monsoon (Janicot et 

al., 2009). The Indian monsoon's active and break periods, driven by temperature changes in 
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the Indian region, can influence the African monsoon about 15–20 days later through 

atmospheric connections. 

The strong low-level winds during the summer season are contributed to by the low-level 

westerly jets (LLJs) at 850 hPa over the Arabian Sea and the monsoon trough associated with 

big-scale cyclonic vorticity, which extends from the north BoB to western India. The upper-

level winds are characterised by the easterly jet centred around 5°N and the Tibetan anticyclone 

centred around 30°N (Lau et al., 2012). Compared to other tropical monsoons, the most 

extensive northward excursion of the rain belt takes place over the Indian monsoon region, 

where it moves from a mean position of about 5°S in winter to about 20°N in northern summer 

(Waliser and Gautier, 1993). Figure 1.3 shows the synoptic and smaller-scale circulation 

features of SASM rainfall. 

Asian summer monsoons, particularly the ISM, exhibit a strong annual cycle, unlike other 

monsoon systems. The onset stage is characterised by an abrupt transition from the dry season 

to the rainy season and subsequent seasonal changes (Wang and Ding, 2006). It brings about a 

significant shift in the hydroclimate of the region, offering relief from the oppressive heat of 

the pre-monsoon season and replenishing the supply of terrestrial freshwater to meet the 

demands of the local population (Misra et al., 2017). The onset typically initiates along the 

Figure 1.3: Primary synoptic and smaller-scale circulation features of SASM rainfall. 

Mean rainfall (TRMM 3B42, 1998–2016, blue shading), sea level pressure (ERA-

Interim, contours), and 950 hPa horizontal winds (arrows) in June are presented 

(taken from Fletcher et al, 2020) 
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west coast of the Indian subcontinent, specifically in Kerala, usually by the end of May or early 

June. The monitoring of the onset has evolved from solely relying on precipitation to 

considering factors such as the wind field, outgoing longwave radiation, rainfall moisture flux 

convergence, and precipitable water (Fasullo and Webster, 2003; Pai and Rajeevan, 2007; 

Wang et al., 2009; Lu et al., 2009). The onset process of the ISM is very rapid and takes only 

a couple of days to complete the dramatic transformation, accompanied by changes in rainfall, 

outgoing longwave radiation (OLR), and low-level winds from the dry to the rainy season. 

During the onset, a cross-equatorial low-level jet is established, extending from the Somali jet 

into the near-equatorial Arabian Sea (Ding, 2007); an onset vortex is often observed 

(Krishnamurti et al., 1981). 

ISM gradually advances northward and eventually merges with the BoB component. By the 

middle of July, the ISM spread over the whole Indian subcontinent. Although the start of the 

monsoon season in Kerala is a definitive sign that the system has begun, the development of 

the ISM in other specific sub-regions of the country is sometimes untimely, notably for rural 

agrarian households dispersed throughout the nation (Bansod et al., 1991). The onset and 

demise of the ISM are strongly correlated with large-scale variations in ocean and atmospheric 

circulation patterns, as well as land-ocean thermal gradients. These variations are, in turn, 

linked to significant energy transformations and instabilities (Noska and Misra, 2016; 

Krishnamurti et al., 2017). Misra et al. (2017) demonstrated that substantial interannual 

variations in the local onset and demise of the ISM are associated with ENSO and the IOD 

mode. Additionally, it has been ascertained that the onset of monsoon rains in northeast India 

at an early stage holds the ability to forecast subsequent irregularities in seasonal rainfall 

patterns and the duration of the monsoon season across the rest of India. 

The summer monsoon mean rainfall, averaging about 8 mm day-1, does not constitute a 

constant downpour but rather exhibits significant variations within the season, spanning from 

June 1 to September 30. Rainfall during the summer monsoon period displays diverse 

variabilities, ranging from diurnal to multidecadal periodicities. Alongside daily fluctuations, 

the monsoon season is characterised by extended active and break spells, often lasting for two 

to three weeks. Active or robust monsoon spells signify prolonged periods of above-average 

rainfall, while dry spells indicate intervals when the monsoon recedes from its vigorous 

activities (Ramamurthy, 1969; Raghavan, 1973). The principal rain-generating systems across 

the Indian monsoon region are the monsoon low-pressure systems (LPS) and depressions, 

commonly referred to as synoptic disturbances (Goswami et al., 2003). These systems typically 
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operate on temporal and spatial scales of 3-5 days and 2000 km. LPS denote regions with 

comparatively lower atmospheric pressure compared to their surroundings. They can induce 

cloud formation and precipitation, contributing significantly to monsoonal rainfall. 

Depressions, on the other hand, represent areas of low atmospheric pressure characterised by 

closed circulation. They often intensify into tropical cyclones but can also bring heavy rainfall 

and gusty winds even before they become cyclones (Goswami et al., 1980). Tropical cyclones 

are powerful storms that originate over warm ocean waters. They can significantly impact the 

Indian monsoon by bringing heavy rainfall and strong winds, disrupting the normal flow of the 

monsoon currents. As the lows and depressions are shear instabilities energised by moist 

convection, large meridional shear of the eastward component of winds, and high values for 

the cyclonic vorticity at low levels over the monsoon trough region, they favour the growth of 

these instabilities (Goswami and Ajayamohan, 2001). 

1.5 ISM Rainfall Variability 
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Figure 1.4: Schematic figure representing temporal variability of ISM rainfall 
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The temporal variability of Indian Summer Monsoon (ISM) rainfall ranges from diurnal to 

multi-decadal scales and even millennial scales. Figure 1.4 represents a schematic view. Major 

variabilities are discussed in the following sections. 

1.5.1 Diurnal Variability 

Diurnal variations refer to the daily cycle of weather patterns and atmospheric conditions 

associated with the monsoon. The diurnal variation of the monsoon is primarily driven by the 

differential heating between land and sea (land/sea breezes) and is influenced by several 

factors, including local wind patterns, topographical features, and the movement of weather 

systems (Ramege, 1964; Pathan, 1994; Basu, 2007). The nature of the diurnal variation of 

rainfall varies from place to place and depends on the location, elevation, or topography of the 

region (Sahany et al., 2010). The diurnal variation in rainfall over an area is dominated by 

topographical features and synoptic systems such as mesoscale circulations (e.g., land-sea 

breezes, katabatic-anabatic winds, mountain valley winds, etc.) at the location (Basu, 2007). 

The diurnal cycle over continental regions is primarily influenced by the solar cycle, and the 

associated rainfall is closely linked to the region's boundary layer heating and cloud cover 

(Bhate and Kesarkar, 2019). In the context of India, where a significant portion of the country 

is situated within the tropical region, the primary driver of diurnal variations in rainfall stems 

from ground heating induced by solar radiation. This phenomenon plays a pivotal role in shaping 

the daily patterns of precipitation. The diurnal pattern of rain intensity differs from the mean 

rainfall and is more prevalent in the Central India region (Varikoden et al., 2012). Various 

studies have analysed the relationship between intraseasonal oscillation (ISO) and the diurnal 

variation of summer rainfall in different monsoon regimes (Goswami, 2005; Singh and 

Nakamura, 2010; Deshpande and Goswami, 2014). The spatial variations in daily rainfall 

patterns across different parts of the country during active and break phases can be attributed 

to orographic effects and heterogeneous convective development (Deshpande and Goswami, 

2014). Along the west coast, maximum rainfall happens during the morning hours in both the 

active and break cases, with small diurnal variations. Along the foothills of the eastern 

Himalayas, during break periods, peak precipitation is observed during the early morning, 

while the least amount of rainfall is recorded in the afternoon. Over central India, two peaks in 

the daily weather cycle are observed during the active phases, one in the morning and the other 

in the evening. Researchers have recently observed a shift in the afternoon peak timing and a 

rise in rainfall intensity in the central Indian region during the break phase. Additionally, there 
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has been an observed increase in rainfall intensity throughout all hours of the day during break 

phases along the west coast of India. 

1.5.2 Intraseasonal Variability 

The intraseasonal variations in circulations lead to the intraseasonal variations of rainfall 

(active-break cycles) (Webster et al., 1998; Goswami and Ajayamohan, 2001). According to 

Dey et al. (2022), the intraseasonal variations of the Indian summer monsoon rainfall (ISMR) 

are controlled mainly by the Monsoon Intraseasonal Oscillation (MISO) and the Madden Julian 

Oscillation (MJO). The MISO phenomenon involves the occurrence of active and break spells 

within the monsoon period. During the active phase, there is enhanced and widespread rainfall 

across various parts of India, mainly in the central Indian monsoon core region. This phase 

might bring heavy rainfall, increased cloud cover, and a higher frequency of thunderstorms. 

On the other hand, during the break phase, there is a reduction in rainfall activity over the 

monsoon core areas, leading to drier conditions (Singh et al., 1992; Rajeevan et al., 2010; 

Goswami, 2012). Figure 1.5 illustrates the active and break phases of the ISMR in 1987, as per 

the criteria established by Rajeevan et al. (2006). MISO is associated with the explicit 

northward propagation of positive or negative precipitation anomalies (Sikka and Gadgil, 

1980). It could be thought of as a manifestation of the fluctuations of the ITCZ within the 

continental region of the Indian subcontinent (between 10° and 25° N) and the eastern 

equatorial Indian Ocean (EEIO) (Chattopadhyay et al., 2019). The key characteristics of the 

active/break cycles associated with MISOs are illustrated by Self-Organizing Maps [SOM 

(Kohenen, 1990)]. The SOM shows a systematic increase in rainfall over central India during 

an active phase and a decrease in rainfall over the tip of peninsular India near the Tamil Nadu 

coast. The SOM also depicts an increase in rainfall over the Himalayan foothills and a reduction 

in rainfall over central India during the break phase (Chattopadhyay et al., 2019). The length 

and frequency of active and break spells can modulate the interannual variability of the ISM. 

Flooding (drought) conditions can develop when active (break) episodes last for a week or 

longer (Joseph et al., 2009). Long breaks are the underlying process through which monsoon 

droughts develop. The MISO typically operates on a time scale of approximately 30 to 60 days; 

its spatial structure is similar to the seasonal mean.  

The MJO is a significant climate phenomenon that affects the tropical regions of the Indian 

Ocean and the western Pacific. The MJO is characterised by a large-scale pattern of enhanced 

and suppressed rainfall that propagates eastward across the tropics (from the western Indian 
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Ocean towards the central and eastern Pacific) for approximately 30 to 60 days (Madden and 

Julian, 1994; Zhang, 2005). The MJO involves the interaction between atmospheric circulation, 

moisture, and convection, leading to the formation of organised cloud clusters and rainfall 

anomalies. The MJO has global teleconnections, meaning its effects are felt far from their 

origin. For example, it can modulate the intensity and frequency of tropical cyclones, influence 

the onset and withdrawal of the Indian monsoon, and impact weather patterns in America and 

other regions (Hendon and Liebmann, 1990; Lawrence and Webster, 2002; Bond and Vecchi, 

2003; Liebmann et al., 2004; Chattopadhyay et al., 2019). 

Based on the findings of Dey et al. (2022), MISO phases are more frequently associated with 

active/break spells than MJO phases. The phase composite also indicates a lead-lag relationship 

between the MISO and MJO phases (Dey et al., 2022). Compared to the MJO phase composite, 

the MISO phase composite demonstrates stronger northward propagation. It has been reported 

that long active spells (lasting over one week) are mainly observed when either MISO, MJO, 

or both are active. Conversely, a prolonged break occurs when the MISO and MJO are weak, 

or at least one (MJO/MISO) is weak (Dey et al., 2022). 

According to Goswami et al. (2003), the active-break cycles arise from the spatiotemporal 

clustering of lows and depressions and are modulated by monsoon ISOs. Predicting 

intraseasonal variability is crucial in many sectors, such as agriculture, health, hydrology, and 

power (Pattanaik et al., 2020). 

 

 

Figure 1.5: Normalized rainfall anomaly in the Indian region for the summer monsoon 

period of 1987. (taken from Mohanty et al, 2023)  
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1.5.3 Interannual Variability 

The interannual variability of ISMR is the variation in mean ISMR from year to year and can 

be classified as a flood year, a drought year, or a normal year. When the percentage deviation 

of the ISMR for a certain year is 10% above the mean, that year is regarded as a flood year.  

When it is 10% below the mean ISMR, the year will be drought. Year-to-year variation of 

ISMR is strongly correlated with food production in the region (Parthasarathy et al., 1988; 

Webster et al., 1998). Figure 1.6 represents the interannual variability of ISMR from 1871 to 

2021. The IOD and ENSO are thought to be the leading causes of the interannual variability of 

ISMR, especially extreme rainfall events (EREs) (Varikoden and Reji, 2022). The ENSO 

bridges the ISMR through the equatorial Walker and local Hadley circulations (Goswami, 

1998; Varikoden and Preethi, 2013). The calculation of the probability density function (PDF) 

of ISO activity from combined vorticity and outgoing longwave radiation shows that strong 

monsoon years are associated with a higher probability of the occurrence of active conditions, 

and weak monsoon years are associated with a higher probability of the occurrence of break 

conditions (Goswami and Ajayamohan, 2001). As suggested by Joseph et al. (2011), the 

prediction skill of the interannual variability of the ISM has two components: "external" as 

well as "internal". The external forcings primarily contribute through ENSO and internally 

through the nonlinear interaction between ISOs and the seasonal cycle. Some contributions 

could also come from interactions between the monsoon flow and topography (Krishnamurthy 

Figure 1.6: The percentage departure of ISMR over the past 122 Years (taken from 

monsoon online, IITM Pune, https://mol.tropmet.res.in/). 

https://mol.tropmet.res.in/
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and Shukla, 2000). The interannual variability of the monsoon becomes very challenging to 

predict as the internal monsoon ISOs are constrained by external forcings like ENSO (Joseph 

et al., 2011).  

1.5.4 Decadal and Multidecadal Variability 

Decadal variability refers to fluctuations and changes in the behaviour of the monsoon over a 

roughly ten-year timescale. The decadal variability of the ISM can be characterised by positive 

and negative phases. During a positive phase, the monsoon tends to be more vigorous, resulting 

in above-normal rainfall. In contrast, a negative phase is associated with weaker monsoon 

activity and below-normal rainfall. The multidecadal fluctuations cover longer time scales, 

usually several decades, combining the variabilities above as well as potential slow-changing 

mechanisms in the climate system. The decadal to multi-decadal scale variability of the ISMR 

is mainly caused by Pacific decadal oscillation (PDO), Atlantic multi-decadal oscillation 

(AMO), and external climate forcings, such as greenhouse gases (GHGs), volcanic eruptions, 

and total solar irradiance (TSI) (Malik et al., 2017). The inter-decadal variability in the ISMR 

has been linked with the inter-decadal fluctuations of the Pacific (Krishnan and Sugi, 2003; 

Goswami et al., 2006), North Atlantic (Lu et al., 2006; Zhang and Delworth, 2007; Goswami 

et al., 2016), and Tropical Indian Ocean SSTs (Vibhute et al., 2020). Along with inter-annual 

changes, ENSO, PDO, and AMO also have a 50–80-year multi-decadal variability, and their 

coherence with Asian monsoon shows that they are all likely to be integral parts of a global 

multi-decadal mode (Goswami et al., 2016). They suggested that long-term variability might 

result from ocean, atmosphere, and land interactions. Based on the data period 1871–2000, 

Krishnamurthy and Goswami (2000) found that the inter-decadal variability of the ENSO 

phenomenon was strongly negatively correlated with the inter-decadal variability of the ISMR, 

and it is thought to be a manifestation of a global-scale oscillation on a quasi-60-year time 

scale. The decadal-scale variability of the ISMR is also correlated with the circulation features 

of the NH (Kripalani et al., 1998). According to numerous studies, dry periods in the ISMR are 

commonly associated with a negative phase of the AMO followed by a positive phase of the PDO. The 

observational and simulated datasets confirm the negative correlation of ISMR with PDO on 

decadal to multi-decadal timescales. In contrast, its correlation with AMO and TSI is not 

stationary over time (Malik et al., 2017). Due to the intricate interactions between numerous 

climatic and oceanic variables, it has become difficult to pinpoint the precise causes of these 

longer-term multidecadal changes (Goswami et al., 2016). Studying how different modes and 
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climate influences interact with the ISMR can enhance our ability to predict it over a decade to 

multiple decades. 

1.6 Extreme Weather and Climate Events 

Extreme weather and climate events refer to significant and often unpredictable deviations 

from normal weather patterns, taking the form of floods, droughts, heat waves, cold snaps, 

cyclones, tornadoes, thunderstorms, wildfires, hailstorms, landslides, tsunamis, and more. The 

unusual occurrence could be either higher than a specific limit in the upper range of observed 

values for the variable or lower than the limit in the lower range. (WMO- World Meteorological 

Organization, 2010). "Climate extremes" refers to extreme weather and extreme climatic 

events, including drought, extremely high temperatures, and excessive precipitation. (IPCC- 

Intergovernmental Panel on Climate Change, 2012). These events have garnered increased 

attention recently (Fan and Chen, 2016) due to their profound and far-reaching impacts on 

society across multiple dimensions, including the environment, infrastructure, economies, and 

human well-being (IPCC, 2007). Rainfall extremes, or hydroclimatic extremes, hold significant 

importance in Earth's hydrological cycle (Trenberth, 2011; Krishnan et al., 2016; Giorgi et al., 

2019; Veiga and Yuan, 2021), as human activities can influence this cycle through 

deforestation, urbanisation, and climate change. Unusually heavy rainfall amounts that surpass 

typical statistical values are considered rainfall extremes. Like other weather extremes, rainfall 

variability has also exhibited a robust shift in response to warming (Pendergrass et al., 2017). 

The increased surface evaporation and airborne water content have facilitated the intensity of 

regional and global water cycles and the likelihood of extreme precipitation (Liu et al., 2015). 

The highly erratic pattern of a region's rainfall over time and space may indicate a changing 

climate (Beck et al., 2015). 

EREs and their changes have been assessed based on the frequency of occurrences above a 

threshold, often using a percentile such as 95th, 99th or 99.9th (Zhang et al., 2011; Varikoden et 

al., 2012; Jamshadali et al., 2021). The percentile value is calculated based on the amount of 

rainfall over a climatological period, and a rainfall event is considered extreme if the rainfall 

exceeds the selected percentile for the region. The selection of the percentile value depends on 

the time slice considered, the chosen regions, and the study’s objective (Varikoden and Reji, 

2022). Many studies frequently appended a threshold value to the percentile value to prevent 

errors caused by places with climatologically low rainfall (Goswami et al., 2006). The various 

criteria defined by ETCCDI (Expert Team on Climate Change Detection and Indices) and used 

to substantiate extreme precipitation events include PRCPTOT (annual total precipitation in 
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wet days), R99pTOT (annual total precipitation of rainfall > 99p), R95pTOT (annual total 

PRCP of rainfall > 95p), CWD (maximum length of wet spell, maximum number of continuous 

days with RR ≥ 1mm), Rx1day (monthly or yearly maximum 1-day precipitation), and Rx5day 

(monthly or annual maximum consecutive 5-day precipitation) 

1.7 Global Precipitation Extremes 

Globally, rainfall extremes have increased over the past few decades as one of the impacts of 

a warming climate. (Fisher and Knutti, 2016; Giorgi et al., 2019; Fowler et al., 2021). This 

increase in extreme rainfall intensities due to warming is mostly governed by the Clausius-

Clapeyron relation, as the rainfall intensity is related to the amount of water vapour in the 

atmosphere, which in turn is associated with the temperature thermodynamically (O'Gorman 

and Schneider, 2009; Wasko et al., 2016). A hotter atmosphere has the capacity to contain 

increased moisture and precipitable water, potentially resulting in more intense precipitation 

events. Various global climate models (GCMs) and regional climate models (RCMs) are used 

to explore changes in the characteristics of precipitation, such as intensity, frequency, duration, 

spatial extension, and correlation with other climate indices (Klutse et al., 2021). Even though 

the number of EREs has increased globally, a mixed anomaly is shown by various countries 

towards these EREs. In many countries, rainfall extremes have been recorded at 70% below 

the normal (Naveendrakumar et al., 2019). To accurately assess the severity of disasters caused 

by extreme precipitation, it is crucial to understand the variations in both space and time of 

these intense rainfall events. Most monsoonal and non-monsoonal regions show statistically 

significant increases in the spatial extension of precipitation extremes in most seasons (Tan et 

al., 2021). Although there are uncertainties in understanding the changes in rainfall extremes, 

the observational, theoretical, and modelling studies for the intensification of rainfall extremes 

show that both short-duration and long-duration rainfall extremes are intensifying with 

warming at a rate consistent with the increase in atmospheric moisture. (Fowler et al., 2021). 

The study also pointed out that the increase in short-duration extreme rainfall intensities in 

some regions is greater than expected from moisture increases alone.  

It is necessary to give precise information on precipitation events' variability, occurrence, and 

distribution to improve preparedness and mitigation strategies against drought and flood 

disasters. Comprehensive precipitation monitoring based on various precipitation indices will 

be utilised to guarantee that decision-makers and policymakers can receive quantitative data 

on precipitation characteristics (Klutse et al., 2021). 

https://link.springer.com/article/10.1007/s41748-021-00203-y#auth-Nana_Ama_Browne-Klutse


19 
 

1.8 Global Monsoon Extremes 

About 62% of the world’s population lives in monsoon areas and relies on it for their freshwater 

requirements and agriculture-related livelihoods. So, the monsoon-related precipitation 

extremes extensively impact the region’s agricultural production, water resources, 

hydroelectric power generation, and the environment (Mohtadi et al., 2016; Klutse et al., 2021). 

It is challenging to predict and mitigate its effects on society. Investigating the changes in mean 

and extreme precipitations over the monsoon regions has received a lot of attention during the 

past decades (Wang et al., 2020; Chang et al., 2022). The intensified precipitation extremes in 

the global monsoon region have comparable contributions from thermodynamical and 

dynamical parameters. The regional disparities in the enhanced precipitation extremes are 

mostly contributed by changes in dynamical parameters, while changes in thermodynamic 

parameters contribute a spatially uniform pattern of increase (Chang et al., 2022). Over the past 

decades, GMP has shown an upward trend in the NH, but the trend in the SH is weak and 

insignificant. The Rx5day over the monsoon regions is far greater than that over the rest of the 

land. (Zhang et al., 2018). Rx1day and Rx5day precipitation for the period 1901–2010 are 

estimated at 7.5% and 4.8% K-1, respectively (Zhang and Zhou 2019). 

1.9 South Asian Monsoon Rainfall Extremes 

Over one-fifth of the world's population resides in South Asia, which includes nations like 

Afghanistan, Bangladesh, Bhutan, India, the Republic of Maldives, Nepal, Pakistan, and Sri 

Lanka. India is the largest nation in South Asia, accounting for approximately 63% of the total 

land area and having the highest population. Extreme weather occurrences have become more 

prevalent in South Asian nations during the past few decades. With the influence of powerful 

seasonal monsoons, weather patterns in the South Asian region are often vulnerable to 

devastating weather extremes like droughts, floods, and cyclones (Naveendrakumar et al., 

2019). The impact of intricate weather processes like clouds and the fluctuations in 

precipitation over time makes it challenging to forecast and mitigate the consequences on 

society. Particularly, the frequency and intensity of extreme precipitation events have 

detrimental effects on the socioeconomic sector (Almazroui, 2020a,b; Liu et al., 2020). Besides 

extensive floods and droughts, anomalous variations like localised floods and flash floods 

significantly affect humanity, resulting in homelessness, infrastructural damage, fatalities, and 

subsequent disease epidemics (Mishra and Shah, 2018). Flooding causes an estimated USD 30 

million in economic losses globally each year; however, for India, the annual loss has been 

estimated to be USD 3 million during the past few decades. (Roxy et al., 2017). 

https://link.springer.com/article/10.1007/s41748-021-00203-y#auth-Nana_Ama_Browne-Klutse
https://link.springer.com/article/10.1007/s41748-021-00203-y#ref-CR7
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The Northeast or Southwest monsoons are mainly responsible for bringing precipitation to 

South Asian countries. Except for a few locations/regions at high elevations, most South Asian 

regions have liquid rainfall. The abundant summer monsoon (June–September) precipitation is 

crucial for the regional hydrological cycle and serves as the main source of water for 

maintaining agriculture, power generation, ecosystems, and human livelihoods for the densely 

populated region of the world, over 1.6 billion people (Webster et al., 1998; Gadgil and Gadgil, 

2006; Bookhagen and Burbank 2010). So many analyses exist on monsoon rainfall's spatial 

and temporal variability, especially monsoon extremes. According to numerous studies, the 

SASM rainfall has been significantly decreasing over the past few decades (Goswami et al., 

2006; Chung and Ramanathan,2006; Bollasina et al., 2011; Krishnan et al., 2013; Singh et al., 

2014) with an accompanying rise in aridity (Kumar et al., 2013). Several trend analyses also 

showed that rainfall extremes during the SAM are becoming relatively frequent (Baidya et al., 

2008; Yao et al., 2008; Shrestha et al., 2017). Despite the contradicting patterns of decreased 

rainfall during the period of 1976–2005 (Salma et al., 2012), parts of South Asia have 

experienced an increase in the frequency of strong rainfalls and an increase in the possibility 

of EREs in recent decades (Christensen et al., 2007; Ikram et al., 2016). The frequency and 

intensity of EREs are influenced by the interannual and intraseasonal variability of ISMR, with 

the intensity of active (wet) spells manifesting a statistically significant increasing trend and 

the intensity of break spells (dry) spells manifesting a statistically significant decreasing trend 

(Varikoden and Reji, 2022). On comparing the IOD and ENSO, the main factors that influence 

the interannual variability of ISMR, Krishnaswamy et al. (2015) pointed out that in recent 

decades, IODs have had a greater impact on EREs than the ENSO, particularly in terms of the 

frequency of EREs. Positive IOD episodes have been occurring more frequently and intensely 

than expected in recent years. Thus, the current trend of increased IOD occurrences supports 

the possibility of an impending rise in EREs (Varikoden and Reji, 2022). 

The 2018 IPCC report explained how heavy and extreme rainfall is becoming more frequent, 

intense, and abundant worldwide, especially over the Himalayan Mountain ranges, the Tibetan 

plateau, and the Indo-Gangetic Plain. Over half of India's natural hazards in 2020 were droughts 

and floods, according to Amarasinghe et al. (2020). Out of 99 billion US dollars lost in the 

preceding 50 years from extreme weather events (such as floods, tropical cyclones, heat waves, 

cold waves, lightning, etc.), roughly 60 billion of the cost in India was directly attributable to 

regional floods. Moreover, floods in India account for 46.1% of all deaths among all other 

extreme weather-related incidents. According to the Global Flood Inventory (GFI), created by 
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Adhikari et al. (2010), short-duration heavy rains account for 64% of flooding and also 

accounts for almost 11% of total rainfall (Varikoden and Reji, 2022). Figure 1.7 illustrates the 

mortality distribution resulting from different extreme weather events in India. 

Several attempts have been made to understand and quantify changes in the properties of 

extreme precipitation events during the ISM season in the context of global warming (Goswami 

et al., 2006; Rajeevan et al., 2008; Krishnamurthy et al., 2009; Ghosh et al., 2009, 2012, 2016; 

Singh et al., 2014; Mishra and Liu, 2014). Goswami et al. (2006) concluded an increase in 

heavy rainfall events and a decrease in moderate rainfall events over central India, assuming 

this region is homogeneous for rainfall. However, Ghosh et al. (2009, 2012, 2016) argued that 

a homogeneous area does not apply uniformly to all places in central India when analysed with 

a fine-resolution dataset. They pointed out that the spatial aggregate of the intensity and 

frequency of EREs over central India is significantly increasing; however, on the regional scale, 

the significant increase is non-uniform. This finding aligns with the suggestion by Meehl et al. 

in 2005, indicating that an increase in the intensity and frequency of EREs does not follow a 

uniform spatial distribution in a warmer future climate with increased greenhouse gases. 

Rajeevan et al. (2008) suggested an increased risk of major floods over central India in a global 

Figure 1.7: The distribution of mortality in India from various extreme weather events 

during 1970–2019. The circle's size indicates the average mortality in each state, while its 

sectors represent mortality caused by various extreme events. (taken from Ray et al., 2021). 
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warming scenario. The study also demonstrated that ERE's inter-annual, inter-decadal, and 

long-term trends are modulated by SST variations over the Indian Ocean in the tropics.  

Pal and Tabbaa (2010) showed that the probability of extreme monsoon deficiency is generally 

increasing in India, reaching its highest in northern India. The study by Singh et al. (2014) 

demonstrated that extreme dry and wet spells during the SASM had statistically significant 

changes in their intensity and frequency between 1951 and 2011. The ISM displays two clear 

phases, starting with a more humid early summer followed by a subsequent drier period. 

Aerosol concentrations may impact precipitation patterns during this drier phase (Gautam et 

al., 2009; Kharol et al., 2013; Malik et al., 2016). Krishnaswamy et al. (2015) Illustrated the 

IOD’s dominant influence on EREs compared to the ENSO in recent decades, particularly in 

the frequency of EREs. Krishnan et al. (2016) suggested the collaborative influence of regional 

land-use change, anthropogenic aerosol forcing, and the accelerated Indian Ocean Sea surface 

temperature (IOSST) warming signal to weaken the SAM in recent decades. They also showed 

that a weakened SAM circulation leads to a notable shift in rainfall patterns across central India, 

favouring more frequent intense localised precipitation events while reducing the occurrence 

of moderate events. Roxy et al. (2017) found a threefold increase in widespread EREs over 

central India from 1950 to 2015. The increase in such incidents is caused by greater fluctuations 

in the low-level monsoon westerlies over the Arabian Sea. This variability results in surges of 

moisture, causing intense rainfall throughout the central Indian subcontinent. Meenu et al. 

(2020) demonstrated that the formation of deep convective cloud bands with a deep 

supersaturated layer throughout the middle and upper atmosphere may lead to heavy and 

sustained precipitation. 

Nikumbh et al. (2020) demonstrated that the interaction of synoptic-scale systems can lead to 

large-scale EREs, even if individual systems are not sufficiently strong. They also highlighted 

that a strong LPS alone is not a sufficient condition to create large-scale EREs. However, the 

simultaneous presence of an LPS and a secondary cyclonic vortex (SCV) can create a giant 

mid-tropospheric vortex, leading to heavy rainfall. The ISM precipitation study, using 

CORDEX data, indicates a southward shift of precipitation extremes over South Asia (Suman 

and Maity, 2020). The study revealed a greater increase in extreme precipitation over the south 

Indian region compared to north and central India in the period 1971–2017, with the base period 

being 1930–1970. Sooraj et al. (2020) analysed the role of the Indo-Pakistan arid region (IPAR) 
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in modulating boreal summer heavy EREs over the monsoon core zone (MCZ) across the 

Indian subcontinent at sub-seasonal to daily time scales. 

Varikoden et al. (2019) analysed the decreasing trend of southwest monsoon rainfall on the 

southern west coast and the increasing trend of extreme rainfall centred around 15°N in the 

northern west coast regions. They linked these trends with the northward shift of the Low-

Level Jetstream (LLJ) from 10°N to 15°N, which is related to the abnormal warming of the 

northern Arabian Sea and adjoining continents (Varikoden and Reji, 2022). Analysing the 

recent Chennai floods, Boyaj et al. (2018) concluded that the intensity of synoptic events in the 

BoB was modulated by the simultaneous warming of the southern BoB and strong El Niño 

conditions in the Pacific. This modulation resulted in heavy rainfall events over the peninsular 

Indian region, particularly centred around Chennai. In conjunction with numerous other factors 

such as El Niño events, LPS, Indian Ocean warming, and an increasing frequency of the IOD, 

the magnitude and frequency of EREs in central India are exhibiting an upward trend (Sagar et 

al., 2017; Krishnan et al., 2016; Varikoden and Reji, 2022). Unlike the effects of climate 

change, the weakening of monsoon circulation is accountable for the rising trend of isolated 

EREs (Roxy et al., 2017). The Himalayan regions experience EREs more frequently due to the 

interaction between the monsoon LPS (moist air with lower-level convergence) and the 

southward-penetrating westerly trough (dry-cold air with high potential vorticity), facilitated 

by increased pressure on the Tibetan plateau (Hong et al., 2011; Joseph et al., 2015). EREs are 

predominantly controlled by Rossby waves through an extensive network of teleconnections 

in northern India, particularly in areas adjacent to the Himalayan region (Boers et al., 2019). 

The way in which large-scale atmospheric patterns interact with the local topography plays a 

vital role in shaping the weather and climate in northeastern areas. A significant increase in 

EREs has been noticed in the northeast regions in recent years, attributed to the intensification 

of low-level southerly winds from the BoB and convergence over the region (Varikoden and 

Revadekar, 2020). 

Some earlier studies also have addressed the large-scale physical and dynamical processes of 

mean monsoon rainfall (Rao, 1976; Webster et al., 1998; Gadgil, 2003; Xavier and Goswami, 

2007). However, these studies did not systematically address rainfall extremes on the regional 

scale. Many scientists have expressed concerns regarding understanding ISM rainfall 

variability, especially in its extremes. They emphasise the need to validate the mechanisms 

behind such variability and improve predictions for disaster preparedness due to the significant 
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impacts on human society (Pai et al., 2014; Ghosh et al., 2016; Xavier et al., 2018; Varikoden 

and Reji, 2022). Mishra et al. (2020) observed that warming over the Arabian Sea enhanced 

moisture, but the circulation features failed to transport this moisture to the landmass. 

Consequently, the warming led to a reduced ISMR. Goswami et al. (2022) attributed the BoB 

warming in the pre-monsoon season to the weakening of low-level circulation and moisture 

transport during the southwest monsoon season. This weakening reduces the land-sea thermal 

contrast, ultimately leading to a deficit in ISMR. However, attributing specific dynamic factors 

or their causative factors to the rainfall extremes during the ISM season remains challenging. 

Roxy et al. (2017) attributed the widespread changes in extreme rain events to the dynamic 

response of the atmosphere rather than thermodynamic factors alone. The enhancement of deep 

localised convections leading to heavy rainfall events is associated with weak vertical wind 

shear and increased atmospheric moisture (Krishnan et al., 2016). Shifts in the onset date of 

the ISM impact the seasonal length and mean rainfall amount in many meteorological 

subdivisions of India (Bhardwaj and Misra, 2019). Increased variability of low-level monsoon 

westerlies and warming of the northern Arabian Sea led to increased moisture supply and 

extreme events in the MCZ (Roxy et al., 2017). Additionally, Nikumbh et al. (2020) found that 

large-scale factors such as moist ascent, static instability, dynamic lifting, and moisture supply 

contribute to large-scale EREs during monsoon LPS. 

1.10 Historical and Future Projections of ISMR and its Extremes 

Due to its devastating effects, climate change is a major concern for human societies and crucial 

for natural ecosystems. The warming induced by greenhouse gases and the related feedback 

processes affect the surface energy budget, which in turn creates a significant impact on the 

Hydrologic cycle of the Earth (Giorgi et al., 2019). Most regions of the world are expected to 

experience an increase in the severity of EREs due to climate change. Under the warming 

climate, a decreasing trend in mean rainfall (Kumar et al., 2010; Roxy et al., 2014; Ghosh et 

al., 2016; Preethi et al., 2017; Radhakrishnan et al., 2017) and an increasing trend in extreme 

rainfall (Goswami et al., 2006; Fischer and Knutti, 2015; Ghosh et al., 2016; Roxy et al., 2017; 

Obha, 2021; Jamshadali et al., 2021; Almazroui et al., 2021) were observed in ISMR in the 

second half of the twentieth century. Studies concluded that thickly populated Asian countries 

will be susceptible to extreme rainfalls in the future, both in intensity and frequency, under 

global warming (Veiga and Yuan, 2021). The socioeconomic impacts of these future changes 

have recently been investigated for different regions (Liu et al., 2020; Zhang and Zhou, 2020; 

Shi et al., 2021). Using climate model simulations could help evaluate potential climate change 
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adaptation strategies even though there are still a lot of uncertainties and resolution problems 

with regional scale projections (Ohba, 2021). Numerical models are frequently used in 

meteorological applications, notably in weather prediction systems. GCMs and RCMs have 

been employed in studies to investigate changes in various precipitation characteristics, 

encompassing frequency, intensity, spatial extent, duration, and timing of these meteorological 

and climate events. (Klutse et al., 2021). A model merely uses concepts and equations from 

mathematics to explain a system. In the past few years, several modelling studies have been 

conducted to comprehend the ISMR variability in both historical and future decades (Sperber 

et al., 2013; Levine et al., 2013; Wang et al. 2015; Sudeepkumar et al., 2018; Varikoden et al. 

2018; Hrudya et al., 2022; Choudhury et al., 2021). Future changes in rainfall will likely have 

a large socioeconomic influence on disaster mitigation and the environment on both a global 

and regional scale. 

The complex dynamics of ISMR are considered one of the most challenging atmospheric 

circulation systems to be understood by the scientific community owing to its variability from 

diurnal (Ramege, 1964; Basu, 2007; Varikoden et al., 2012; Deshpande and Goswami, 2014; 

Bhate and Kesarkar, 2019)  to multi-decadal scale (Goswami et al., 2016; Sankar et al., 2016; 

Malik et al., 2017; Dwivedi et al., 2022) and its teleconnections with various SST variations 

(Gadgil et al. 2004; Krishnamurthy and Krishnamurthy, 2014; Chattopadhyay et al., 2016; 

Singh et al., 2017; Mishra et al., 2017; Li et al., 2017; Nair et al., 2018; Hrudya et al., 2020; 

Hrudya et al., 2021; Hu et al., 2022; Sandeep et al., 2022; Xavier et al., 2023). The South Asian 

regions frequently encounter EREs during the summer monsoon season that have the potential 

to cause property damage, environmental harm, and even fatalities. Identifying and assigning 

responsibility to critical factors driving potential changes in the ISMR pattern is essential for 

developing future adaptation strategies across various sectors in response to climate change.  

Therefore, it is necessary to comprehend how these events are evolving and may change in the 

future, particularly for developing countries in the region due to their low adaptive capacity 

arising from geographical as well as socio-economic features. The new-generation coupled 

ocean-atmosphere models are very good at predicting the SST variabilities related to the above-

mentioned sources and brighten the prospect of SAM prediction. It is essential to confirm how 

well the GCMs, mostly used to create projections, realistically simulate the rainfall extremes 

in these regions. 

The CMIP is a collaborative effort in the field of climate science, initiated by the WCRP’s 

Working Group on Coupled Modelling (WGCM) under the auspicious Climate Variability and 

https://scholar.google.com/citations?user=GcmAlxoAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=wBZcbZcAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=z-MQUxYAAAAJ&hl=en&oi=sra
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Predictability (CLIVAR) project in 1995 (Meehl et al. 2000). It aims to improve our 

understanding of how the Earth's climate system works and how it might change in the future. 

CMIP aims to enhance our understanding of climate change over time, whether caused by 

natural variations or influenced by changes in radiative forcings, through the use of multiple 

models. This provides a standardised framework for comparing and evaluating different 

climate models under common scenarios and conditions. This allows scientists to assess the 

performance of various climate models in simulating historical climate variations and to make 

projections about future climate change under different greenhouse gas emission scenarios (Li 

et al., 2019). The CMIP provides an essential foundation for the IPCC assessments (IPCC 

2013), contributing to our understanding of the current state of the climate and potential future 

changes (Eyring et al., 2016). Earth System Grid Federation (ESGF) data replication centers 

share multi-model climate data in a standardised format, making it accessible to the broader 

climate community and users. They manage model output collection, archiving, and retrieval 

in a specified format. 

Along with scientific development and the gradually improved understanding of climate 

change mechanisms, CMIP has undergone several phases over the years, with CMIP6 being 

the latest major iteration (Li et al., 2021). CMIP6 was initiated in 2014 to fill the scientific gaps 

remaining in CMIP5 and address new challenges emerging in climate modeling (Eyring et al., 

2016). The CMIP6 has endorsed 23 model intercomparison projects involving 33 modeling 

groups in 16 countries and formed the basis of the sixth IPCC assessment report published in 

2021 (Zhang and Ayyub, 2021). Figure 1.8 represents the schematic of the CMIP6 experiment 

design. The CMIP DECK experiments and the CMIP6 historical simulations are in the inner 

part, and they provide the entry card for GCM models that would like to participate in CMIP6 

and its endorsed MIPs. The middle and outer rings connect science topics with the 

corresponding CMIP6 MIPs. CMIP6 made efforts to link RCPs (representative concentration 

pathways) in CMIP5 with newly proposed SSPs (shared socioeconomic pathways) so that it 

enhances the robustness of climate projections and provides better support for climate policies 

(Moss et al., 2010; Vuuren et al., 2014). The CMIP6 introduced four new scenarios (SSP1-1.9, 

SSP4-3.4, SSP5-3.4-OS, and SSP3-7.0) by keeping four scenarios used in CMIP5 (SSP1-2.6 

(RCP2.6), SSP2-4.5 (RCP4.5), SSP4-6.0 (RCP6.0), and SSP5-8.5 (RCP8.5)) to give a more 

comprehensive selection of futures for scientists to simulate (Zhang and Ayyub, 2021). In 

these, the tier-1 top priority scenarios are SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 (O’Neill 

et al., 2016). 
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 1.11 CMIP Projections and SASM 

Predicting the SASM has been a persistent challenge in both scientific research and practical 

climate forecasting for many years. In the backdrop of climate change, it is essential to identify 

and attribute the main driving factors behind any prospective changes in the SASM pattern to 

design future adaptation plans in various sectors. Since the ISM climate is the outcome of 

linked ocean-atmosphere interactions, a coupled ocean-atmosphere general circulation model 

(CGCM) is necessary for the seasonal forecast of ISMR (Webster et al. 1998; Wang et al. 

2005). The future evolution of ISMR and its teleconnections have been the subject of 

substantial investigation since the CMIP3 phase (Kripalani et al., 2007; Naveendrakumar et al., 

2019; Choudhary et al., 2021). Even though the improved successor CMIP5 included several 

new elements such as dynamic vegetation, aerosol effects, etc., their coarse spatial resolution 

is unable to capture the impact of local-scale features such as topography, land-surface 

feedback, land use changes, etc. in reproducing current climatic conditions (Ghosh et al., 2016; 

Gusain et al., 2020). In addition, several studies have shown that the CMIP5 models 

inconsistently overestimate or underestimate the monsoon characteristics over the South Asian 

and Indian subcontinent for various rainfall indices (Saha et al., 2014; Sharmila et al., 2015). 

The state-of-the-art CMIP6 models have a significant improvement in capturing the 

spatiotemporal pattern of monsoon over Indian landmass, especially in the Western Ghats and 

Northeast foothills of the Himalayas, as compared to CMIP5 models (Gusain et al., 2020; 

Figure 1.8: Schematic representation of the CMIP6 experimental design (taken from 
Eyring et al., 2016). 
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Khadka et al., 2021). The study demonstrated that CMIP6 outperformed CMIP5, as the model 

deviation in CMIP6 was notably decreased. The models also show notable progress in 

simulating the inter-annual, multi-decadal variability and marginal improvement in simulating 

the ENSO-ISMR correlations (Choudhary et al., 2021). The CMIP6 models exhibit a general 

improvement in the simulation of climate extremes and their trend patterns compared to 

observations (Chen et al., 2020; Suthinkumar et al., 2023). The projection of extreme rainfall 

Figure 1.9: The projection of the number of extreme rainfall events over India in various 

SSP scenarios using CMIP6 models (taken from Suthinkumar et al., 2023) 
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events over India in various SSP scenarios using CMIP6 models is represented in Figure 1.9. 

Advanced climate models in CMIP6 can comprehend intricate climate systems, particularly 

the dynamics of monsoon patterns in response to a changing climate. Recent ISMR studies 

based on CMIP6 also include Kumar and Sarthi, 2021; Katzenberger et al., 2021; Qin et al., 

2022; Rajendran et al., 2022; Dutta et al., 2022; Darshana et al., 2022; Chowdary et al., 2023; 

and He et al., 2023. 

1.12 Scope and Objectives  

From the background presented above, it is understood that the Indian monsoon has no spatially 

coherent trend and require reassessment of the vulnerability and mitigation projections for the 

region. The review also demonstrates that the SASM system is responding in a complex fashion 

to global climatic forcing mechanisms and that no one can anticipate seeing homogeneous 

changes throughout the monsoon domain. Previous studies have not thoroughly investigated 

the physical processes, evolution, and dissipation of dynamical parameters, especially on a 

regional scale. The spatiotemporal variabilities of these regional extreme events are not well 

established. Some works have focused on the temporal variability of ISMR and its influencing 

mechanism; however, the regional variability is less explored. Some zones are characterised 

by an increase in ISMR, while other adjacent zones show a significant decrease. Although the 

regional variability of extremes is examined in some studies, they have considered the study 

area more or less homogeneous or extreme analysis is done based on a particular threshold 

value of rainfall for the entire study region (Goswami et al., 2006; Roxy et al., 2017; Varikoden 

and Ravadekar, 2020). 

The SASM is a complex coupled human-natural system linked with the socio-economic culture 

of the domain that poses unique challenges to comprehend in the context of escalating 

anthropogenic activities. The swift and significant alterations in land use, land management, 

and industrial practices across the subcontinent, coupled with rising temperatures in the Indian 

Ocean, have impacted the SASM. Regional drivers of extreme events need careful 

consideration in designing mitigation and adaptation efforts. Anticipating changes in extreme 

precipitation and understanding its impact on the social economy under climate change is 

critical. This would help provide a scientific basis for disaster prevention and reduction. 

Selecting suitable GCM models under CMIP6 and projecting variations in the ISM and extreme 

rainfall is of utmost importance. 
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Considering the factors mentioned above, the following objectives were formulated for the 

thesis. They are:  

1) To explore the spatial variability and related characteristics of SASM mean and extreme 

rainfalls. 

2) To identify the regional flood-prone areas over the South Asian region based on the 

variabilities of extreme rainfall events over these zones. 

3) To Explore the physical characteristics of the extreme rainfall events in different time 

scales over the identified regions. 

4) To analyse the association of southwest monsoon rainfall and its extremes with various 

global climate indices. 

5) To find out the favourable conditions for regional extreme rainfall events over the 

Indian subcontinent, considering circulation and other meteorological parameters 

6) To investigate the large-scale dynamical factors leading to various disastrous EREs 

occurring over the identified regions before, during, and after the events. 

7) To validate Global Climate Models in the CMIP6 project and assess the intensity of 

extreme rainfall events, along with their contributions to seasonal rainfall during the 

historical period (1950–2014) in the study region. 

8) To assess significant spatiotemporal variations in extreme precipitation across the study 

region under different future warming scenarios using the selected coupled dynamical 

models.  

The study proceeded based on the prescribed objectives and initially explored the 

spatiotemporal variability and related characteristics of SASM rainfall. Five prominent areas 

over the South Asian region were identified based on the decadal trend of extreme rainfall in 

these zones. The study then delved into the physical characteristics of extreme rainfall events 

on different time scales within the identified regions. Furthermore, it analysed the association 

of southwest monsoon rainfall and its extremes with various global climate indices. 

Considering circulation and other meteorological parameters, the study identified favourable 

conditions for regional extreme rainfall events over the Indian subcontinent. Additionally, the 

study investigated the large-scale dynamical factors leading to various disastrous EREs 

occurring over the identified regions before, during, and after the events. 
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 For the projection of SASM rainfall and its extremes in the future, the study first validated 

Global Climate Models in the CMIP6 project and selected the most suitable models. The 

intensity of extreme rainfall events, along with their contributions to seasonal rainfall during 

the historical period (1950–2014) in the study region, was assessed. Significant spatiotemporal 

variations in extreme precipitation across the study region under different future warming 

scenarios were analysed in the final stage using the selected coupled dynamical models. 

In this thesis, chapter 2 details the data and methodologies employed in the study to address its 

objectives. Chapter 3 describes the physical characteristics of SASM EREs and their 

association with global climate indices. Chapter 4 analyses the dynamical characteristics of 

South Asian summer monsoon EREs. Exploring the circulation and other meteorological 

parameters conducive to regional EREs is the primary focus of this chapter. Chapter 5 presents 

the selection of the best CMIP6 GCM models to simulate SASM rainfall and their 

characteristics in simulating SASM mean and extreme rainfalls. Chapter 6 explores changes 

and variabilities in summer monsoon EREs during future projections using selected CMIP6 

models. Chapter 7 summarises the present work, highlighting the important findings and 

concluding remarks. The future scope of this work and recommendations are presented in 

Chapter 8. 
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CHAPTER 2  

DATA AND METHODOLOGY 

The various data sets used in this study include observational data, model data, reanalysis data 

products, and climate indices. A description of the data sets is given in Section 2.1, and the 

methodologies adopted in the study are described in Section 2.2. 

2.1 Data 

The primary datasets utilised in the study comprise observational gridded rainfall data provided 

by The Asian Precipitation Highly Resolved, Observational Data Integration Towards 

Evaluation of Water Resources (APHRODITE) and Climatic Research Unit (CRU) and model 

rainfall data from various Coupled Model Intercomparison Project phase 6 (CMIP6) global 

climate models.  Reanalysis data products such as wind, pressure, humidity, geopotential 

height, etc., obtained from National Centers for Environmental Prediction/National Center for 

Atmospheric Research (NCEP/NCAR) reanalysis products, and various climate indices such 

as Niño3.4 index, El Niño Modoki Index (EMI), Dipole Mode Index (DMI), Pacific Decadal 

Oscillation (PDO) index, Atlantic Multidecadal Oscillation (AMO) index, and Atlantic Zonal 

Mode (AZM) index were also used in the study. Below is a brief description of the various data 

used. 

2.1.1 Observational Rainfall Data 

APHRODITE: The Asian Precipitation Highly Resolved, Observational Data Integration 

Towards Evaluation of Water Resources (APHRODITE) is the only long-term, continental-

scale, high-resolution daily product for precipitation and temperature across Asia. It 

encompasses a dense network of daily rain gauge data for the Asian monsoon domain, covering 

the Himalayas, South and Southeast Asia, and mountainous regions in the Middle East. The 

project comprises four subdomains: Monsoon Asia, the Middle East, Russia, and Japan. 

Additionally, a combined domain product is also made available. The number of valid stations 

ranges between 5000 and 12000. Data is accessible in netCDF, ASCII, and binary formats. 

APHRODITE Precipitation Data Version V1101EX_R1, available for a period of 65 years 

(1951–2015), is one of the most precise gridded daily rainfall datasets at high spatial resolution 

(0.25° latitude × 0.25° longitude) over the Monsoon Asia domain (http://aphrodite.st.hirosaki-

u.ac.jp). This rainfall data is supported by a highly dense network of rain gauge stations, 

especially in the rainy regions of South Asia, including India. Therefore, APHRODITE data is 

widely used for studies such as determining a region’s precipitation change, evaluating water  

http://aphrodite.st.hirosaki-u.ac.jp/
http://aphrodite.st.hirosaki-u.ac.jp/
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resources, verifying high-resolution model simulations, estimating satellite precipitation, and 

improving precipitation forecasts (Yatagai et al., 2012; Kapnick et al., 2014; Yatagai et al., 

2020). The study has utilised APHRODITE Precipitation Data Version V1101EX_R1 to 

analyse the rainfall features during the summer monsoon period (June to September), as various 

studies have proven its reliability in analysing long-term trends and their variability over the 

South Asian monsoon (SAM) domain (Prakash et al., 2015; Varikoden et al., 2015; Kim et al., 

2019).   

CRU: The monthly rainfall data from the Climatic Research Unit (CRU) are used for the 

historical analysis of extreme rainfall events (EREs) for the period from 1950 to 2014 during 

the projection study. The Climatic Research Unit Time-Series Data Version 4.04 (CRU TS 

v.4.04) is a gridded time-series dataset released on April 24, 2020, covering the period from 

1901 to 2019. It has a spatial resolution of 0.5° latitude × 0.5° longitude (Harris et al., 2020). 

The CRU data covers all land domains of the world except Antarctica and is based on the 

analysis of more than  4000 weather station records. Although many input records have been 

homogenised, the dataset itself is not strictly homogeneous (Harris et al., 2020). The CRU data 

is downloaded from the Centre for Environmental Data Analysis 

(https://catalogue.ceda.ac.uk/uuid/89e1e34ec3554dc98594a5732622bce9) (Harris et al., 

2020). 

2.1.2 Rainfall Data from CMIP6 Global Climate Models 

In this study, monthly rainfall data from 53 global climate models from the CMIP6 project 

were utilised to simulate the spatiotemporal changes in extreme rainfall during the summer 

monsoon season over the Indian subcontinent of the South Asian region. The CMIP6 data were 

accessed from the Lawrence Livermore National Laboratory (https://esgf-

node.llnl.gov/search/cmip6/) (Zhang and Ayyub, 2021). Table 2.1 gives an overview of the 

53 CMIP6 models used in the study, their resolution, modelling centres, short names, and 

spatial resolution. 

SL. 

NO 

Model Name Modelling Centre Resolution Key Reference 

1. AWI-CM-1-1-MR AWI 1×1 Semmler et al, 2018 

2. AWI-ESM-1-1-LR AWI 1×1 Shi et al., 2020 

3. BCC-CSM2-MR BCC 1.125×1.125 Xin et al., 2018 

4. BCC-ESM1 BCC 2.8125×2.8125 Zhang et al., 2019 

5. CAMS-CSM1-0 CAMS 1.125×1.125 Rong et al. 2019 

6. FGOALS-f3-L LASG-CAS 1×1.25 Bao et al., 2019 

https://catalogue.ceda.ac.uk/uuid/89e1e34ec3554dc98594a5732622bce9
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
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7. FGOALS-g3 LASG-CA 2.8125×2 Li et al., 2019 

8. CanESM5 CCCMA 2.8125×2.8125 Swart et al., 2019 

9. ACCESS-ESM1-5 CSIRO  1.25×1.875 Ziehn et al., 2019 

10. ACCESS-CM2 CSIRO-ARCCSS 1.25×1.875 Dix et al., 2019 

11. EC-Earth3   EC-Earth-Consortium 1×1 Döscher et al., 2022 

12. EC-Earth3-AerChem EC-Earth-Consortium 1×1 Döscher et al., 2022 

13. EC-Earth3-CC EC-Earth-Consortium 1×1 Döscher et al., 2022 

14. EC-Earth3-Veg EC-Earth-Consortium 1×1 Döscher et al., 2022 

15. EC-Earth3-Veg-LR EC-Earth-Consortium 1.125×1.125 Döscher et al., 2022 

16. FIO-ESM-2-0 FIO-QLNM  0.9×1.25 Song et al., 2019 

17. INM-CM4-8 INM  2.5×2 Volodin et al., 2019 

18. INM-CM5-0 INM 2.5×2 Volodin et al., 2019 

19. IPSL-CM6A-LR IPSL 1.25×2.5 Boucher et al., 2018 

20. IPSL-CM5A2-INCA IPSL 1.9×3.75 Boucher et al., 2020 

21. IPSL-CM6A-LR-INCA IPSL 1.25×2.5 Boucher et al., 2021 

22. MIROC6 MIROC 1.4×1.4 Shiogama et al., 2019 

23. MPI-ESM1-2-LR MPI-M 1.85×1.875 Wieners et al., 2019 

24. NorESM2-MM NCC 1×1.25 Bentsen et al., 2019 

25. MRI-ESM2-0 MRI 1.125×1.125 Yukimoto et al., 2019 

26. GISS-E2-1-G NASA-GISS 2×2.5   

27. GISS-E2-1-H NASA-GISS  2×2.5   

28. GISS-E2-2-G NASA-GISS 2×2.5  

29. GISS-E2-2-H NASA-GISS 2×2.5 Rind et al., 2020 

30. GISS -E3-G NASA-GISS 1×1.25   

31. NESM3 NUIST 1.85×1.875 Cao et al., 2019 

32. KACE-1-0-G NIMS-KMA 1×1 Byun et al., 2019 

33. NorESM2-LM NCC 1×2.5 Seland et al., 2019 

34. NorCPM1 NCC 1.9×2.5 Bethke et al., 2021 

35. GFDL-ESM4 NOAA-GFDL 1×2.5 Horowitz et al., 2018 

36. CESM2 NCAR 

 

0.9×1.25 Danabasoglu and 

Ghokan, 2019 

37. CESM2-WACCM NCAR 

 

0.9×1.25 Danabasoglu and 

Ghokan, 2019 

38. CESM2-FV2 NCAR 

 

1.9×2.5 Danabasoglu and 

Ghokan, 2019 

39. CESM2-WACCM-FV2 NCAR 

 

1.9×2.5 Danabasoglu and 

Ghokan, 2019 

40. IITM-ESM IITM-CCCR 

 

1.875×1.875 Narayanasetti et al., 

2019 

41. MPI-ESM-1-2 HAMMOZ-

Consortium 

1.85×1.875 Storch et al., 2017 

42. KIOST-ESM KIOST 1.875×1.875 Kim et al., 2019 

43. CIESM THU 0.95×1.25  

https://gmd.copernicus.org/articles/13/6165/2020/#bib1.bibx8
https://gmd.copernicus.org/articles/13/6165/2020/#bib1.bibx97
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44. SAM0-UNICON SNU 1.05×1.25 Park et al., 2019 

45. MCM-UA-1-0  UA 2.2×3.75 Stouffer and Ronald, 

2019 

46. E3SM-1-1 DOE- E3SM 1×1 Bader et al., 2019 

47. E3SM-1-0 DOE- E3SM 1×1 Bader et al., 2019) 

48. E3SM-1-1-ECA DOE- E3SM 1×1 Bader et al., 2020) 

49. TaiESM1 RCEC, Taipei 1×1.25 Lee et al., 2020 

50. CMCC-CM2-SR5 CMCC 0.9×1.25 Lovato et al., 2020 

51. CMCC-CM2-HR4 CMCC 0.95×1.25 Scoccimarro et al., 2017 

52. CMCC-ESM2 CMCC 0.9×1.25 Lovato et al., 2021 

53. CAS-ESM2 LASG-CAS 

 

1.125×1.125 Chai and Zhaoyang, 

2020) 

2.1.3 NCEP/NCAR Reanalysis Data Products 

The study utilised zonal and meridional components of wind, vertical velocity, specific 

humidity, air temperature, and geopotential height at different vertical pressure levels from the 

National Centers for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) reanalysis products. These daily datasets have a spatial resolution of 2.5° × 

2.5° latitude-longitude global grids (Kalnay et al., 1996; Kistler et al., 2001). The NCEP/NCAR 

Reanalysis incorporates millions of observations into a stable data assimilation system using 

previous data from 1948 to the present. In this project, all the gridded variables are classified 

into three different categories depending on the degree to which the observations or models 

influence them. These categories are the most reliable products (type A, including upper-air 

temperatures, rotational wind, and geopotential height), the less reliable products (type B, 

including moisture variables, divergent wind, and surface parameters), and the products that 

can be used with caution (type C, including surface fluxes, heating rates, and precipitation) 

(Kalnay et al., 1996). A large subset of this data can be obtained from the Physical Sciences 

Division (PSD) at NOAA in its original four-times-daily format, as daily averages, and in many 

other formats. This study also used daily-averaged data at different pressure levels for the 

period 1951–2015. The data is accessed from the National Oceanic and Atmospheric 

Administration (NOAA) website, available at 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html. 

 

 

Table 2.1: Overview of the 53 CMIP6 models used in the study, their resolution, 

modelling centres, short names, and spatial resolution 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html


37 
 

2.1.4. Climate Indices 

Different climate indices are used in this study to understand their relationships with summer 

monsoon rainfall over the Indian subcontinent. The indices used for this purpose are Niño3.4, 

Modoki Index, DMI, PDO, AMO and AZM.  

Niño3.4 Index: El Niño-Southern Oscillation (ENSO) is a robust, recurring pattern of SSTs 

and a coupled ocean-atmosphere phenomenon in the central and eastern tropical Pacific Ocean 

that serves as a major driver of global climate variability (Trenberth et al., 1998). The warm 

phase and cold phase of ENSO are referred to as El Niño and La Niña, respectively. Each 

ENSO event exhibits a somewhat different and distinct character. While various indices are 

used to study ENSO characteristics over the tropical Pacific Ocean, the most commonly 

employed index is the Niño 3.4 index. As illustrated in Figure 2.1, the Niño 3.4 region spans 

from 5°N to 5°S, 170°W to 120°W. Typically, a 5-month running mean is used to determine 

the Niño 3.4 index, and when the Niño 3.4 SSTs surpass +/- 0.40C for six months or longer, it 

is classified as an El Niño or La Niña event. The correlation of Niño3.4 with the SAM has been 

established in several previous studies (e.g., Sikka, 1980; Krishnamurthy and Goswami, 2000; 

Varikoden and Babu, 2015; Hrudya et al., 2020a, b). The index values are downloaded from 

the website of NOAA (https://climatedataguide.ucar.edu/climate-data/Niño-sst-indices-

Niño-12-3-34-4-oni-and-tni). 

 

      

 

 

 

 

 Figure 2.1: Map of NINO regions (taken from National Oceanic and Atmospheric 

Administration)(https://www.ncei.noaa.gov/access/monitoring/enso/technical-discussion) 

EMI: El Niño Modoki is an ocean-atmospheric flux exchange process in the tropical Pacific 

Ocean, showing differences from the normal ENSO in terms of its spatiotemporal 

characteristics and teleconnection patterns (e.g., Ashok et al., 2007; Weng et al., 2007; Kug et 

al., 2009; Wang and Wang, 2014; Arora and Dash, 2019). El Niño Modoki, similar to the 

typical El Niño, doesn't notably impact sea surface temperature anomalies in the eastern 

https://climatedataguide.ucar.edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni
https://climatedataguide.ucar.edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni
https://www.ncei.noaa.gov/access/monitoring/enso/technical-discussion
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Pacific. Instead, it causes a warm anomaly in the central Pacific, surrounded by cold anomalies 

on both the eastern and western sides of the basin. El Niño events are conducive to the 

formation of tropical cyclones over the Bay of Bengal (BoB), and El Niño Modoki events are 

conducive to the formation of tropical cyclones over the Arabian Sea (Sumesh and Kumar, 

2013). Considering the tripolar nature of El Niño Modoki, Ashok et al. (2007) formulated the 

El Niño Modoki Index (EMI), which is represented by the equation  EMI = [SSTA]A −

0.5 × [SSTA]B − 0.5 × [SSTA]C where, SSTA represents the area averaged Sea Surface 

temperature (SST) Anomaly over region A (165°E−140°W, 10°S−10°N – Central region), B 

(110°W−70°W,15°S−5N – Eastern region), and C (125°E–145° E, 10°S−20°N – Western 

region), respectively. Figure 2.2 represents the EMI regions. Studies have shown that 

teleconnections associated with El Niño Modoki influence rainfall on the islands of the central 

Pacific and other remote regions, particularly over India and South Africa (Behera and 

Yamagata, 2010; Ratnam et al., 2012). During the El Niño Modoki season, relatively higher 

rainfall is observed over the Indian subcontinent compared to the dry El Niño periods (Ashok 

et al., 2007). As Camargo et al. (2007) suggested, El Niño Modoki plays a crucial role in 

predicting various extreme events, including hurricane activity in multiple ocean basins. It may 

exhibit a stronger tropical-extratropical interaction than El Niño over the decadal time scale. 

Figure 2.2 Ocean areas associated with El Niño Modoki (taken from Zhang et al., 2022). 

DMI:  The dipole mode index (DMI) is associated with the Indian Ocean Dipole (IOD). It is 

defined as the difference in SST between the western equatorial Indian Ocean (50°E to 70°E 

and 10°S to 10°N) and the southeastern Indian Ocean (90°E to 110°E and 10°S to 0°S) (refer 

to Figure 2.3). The positive phase of the IOD indicates a warmer western basin compared to 

the eastern basin, whereas the negative phase implies the reverse situation (Saji et al., 1999). 

IOD is a major contributing factor to rainfall variability in the region and affects the climate of 

countries surrounding the Indian Ocean Basin. A negative IOD typically has an adverse effect 

on Indian Southwest Monsoon rainfall, leading to below-average rain over India. The IOD is 
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connected to El Niño and La Niña events. Positive IOD events often coincide with El Niño and 

negative IOD events with La Niña. When IOD and El Niño/La Niña are in phase, their impacts 

are more pronounced in the region. Conversely, when they are out of phase, the effects of El 

Niño and La Niña can be less significant. For monitoring the IOD, DMI values above +0.4°C 

are considered positive, and values below −0.4°C are considered negative. The index data is 

obtained from https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/. 

 

 

 

 

 

 

 

Figure 2.3: DMI regions in the Indian Ocean (taken from Kim et al., 2021) 

PDO Index: The PDO (Pacific Decadal Oscillation) is a robust, recurring pattern of SSTs in 

the north Pacific Ocean, typically found poleward of 20°N (roughly for the region 

encompassing 20°N to 70°N latitude and 110°E to 100°W longitude). It exhibits periodicities 

of 15–25 years and 50–70 years (Mantua and Hare, 2002). The PDO is a complex phenomenon 

involving various factors, including tropical ENSO dynamics, atmospheric teleconnections 

from the tropics to the North Pacific, and the combined impact of intrinsic and tropically-driven 

atmospheric forcing on North Pacific SST through surface energy fluxes, Ekman currents, and 

oceanic Rossby waves. Essentially, it represents a combination of atmospheric and oceanic 

processes that cover the tropics and extratropics. The ocean's thermal and dynamical inertia 

contribute to the PDO's low-frequency temporal character, whereas atmospheric processes are 

responsible for its large-scale spatial coherence (Newman et al., 2016). The positive phase of 

the PDO pattern consists of negative SSTs in the central and western North Pacific and positive 

SSTs in the eastern North Pacific. Although the spatial patterns of the PDO and ENSO are very 

similar, except for their relative magnitudes, the time series of ENSO and the PDO are distinct 

because ENSO is predominantly an interannual phenomenon. At the same time, the PDO is 

primarily decadal in scale (Zhang et al., 1997). In the positive PDO phase, El Niño occurs more 

frequently, while La Niña appears less frequently, and vice versa (Verdon and Franks, 2006). 

https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/
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The stratospheric response to ENSO is more significant when ENSO and PDO are in phase 

(Hu et al., 2018; Yuan et al., 2018; Rao et al., 2019). Zhou et al. (2014) analysed the dependence 

of the East Asian winter monsoon on PDO in 2014. The data is downloaded from 

https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat. 

AMO Index: The AMO (Atlantic Multidecadal Oscillation) is a pattern of SST variability in 

the North Atlantic Ocean on a multidecadal scale with a period of 60–80 years (Schlesinger 

and Ramankutty, 1994; Wei and Lohmann, 2012). Its identification dates back to the 1980s, 

initially documented by Folland et al. in 1984. AMO indices are based on the average SST 

anomaly for the North Atlantic north of the equator. The AMO is coherently linked to climate 

variations over many parts of the globe (Sutton and Hodson, 2005; Zhang and Delworth, 2006; 

Knight et al., 2006; Wang et al., 2009; Wang et al., 2013; Krishnamurthy and Krishnamurthy, 

2016; Kayano et al., 2016). Historic, observational, and simulated datasets show a positive 

correlation of AMO on Indian Summer Monsoon Rainfall (ISMR), indicating increased (or 

decreased) ISMR during the positive (or negative) phase of the AMO (Wang et al., 2009;  Joshi 

and Pandey, 2011; Krishnamurthy and Krishnamurthy, 2016). AMO Index Data provided by 

the Climate Analysis Section, NCAR, Boulder, USA, Trenberth and Shea (2006), is obtained 

from https://climatedataguide.ucar.edu/sites/default/files/2022-03/amo_monthly.txt. It 

represents a detrended 10-year low-pass filtered annual mean area-averaged SST anomaly over 

the North Atlantic basin (0N-65N, 80W-0E). 

AZM Index: The AZM (Atlantic Zonal Mode) is a dominant mode of interannual variability 

in the equatorial Atlantic Ocean (Ding et al., 2010). It significantly influences the interannual 

variability of ISMR (Kucharski et al., 2008; Pottapinjara et al., 2016). The AZM index is 

calculated as the seasonal mean of SST anomalies in June, July and August months, averaged 

over the eastern equatorial Atlantic Ocean (5°S to 3°N, 20°W to 10°E). Furthermore, the AZM 

exhibits an inverse relationship with ISMR, whereby the cold or warm phases of the AZM 

produce strong or weak ISMR, respectively. Notably, this relationship has significantly 

strengthened in recent decades (Nair et al., 2018; Sabeerali et al., 2019). 

2.2 Methodology 

Most data analysis and visualisation are done with Open Grid Analysis and Display System 

(OpenGrADS v2.0).  Formula Translating System (FORTRAN), Climate Data Operator 

(CDO) command line tool, etc., are also used to support further analyses. 

https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat
https://climatedataguide.ucar.edu/sites/default/files/2022-03/amo_monthly.txt
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2.2.1 Study Area: The study considered the South Asian region, focusing on the Indian 

subcontinent. The study area is located between 5°N and 40°N and 65°E and 100°E (Huang et 

al., 2022), bounded by the Himalayas in the north, the Indian Ocean in the south, the Arabian 

Sea and the Indus River valley in the west, and the BoB and Ganges River delta in the east 

(Zhai et al., 2020). The region’s topography is highly heterogeneous, and the weather and 

climate range from wet highlands to arid and semi-arid regions. The elevation of South Asia 

ranges from mean sea level at the coasts and delta regions to up to 8848 metres in the Himalayas 

(Zhai et al., 2020). This subcontinent experiences four broad climatic zones as defined by John 

E Oliver (2008): (i) dry subtropical climate (North-Western India); (ii) equatorial climate 

(South India); (iii) hot subtropical climate (North-East India); (iv) tropical semi-arid climate 

(Central India); and (v) Alpine climate (Himalayas). According to the Köppen-Geiger climate 

classification, the region includes tropical, arid, temperate, and polar climate zones 

(Yaduvanshi et al., 2021). South Asia is a region with complex atmospheric dynamics and 

localised climatic changes. High temperatures, periods of high humidity, and significant 

seasonal fluctuations, such as the monsoon season with substantial rainfall, characterise the 

climate in South Asia. Most river delta regions in South Asia are heavily populated. The people 

are also highly reliant on agriculture for their subsistence. Water stress and the possibility of 

water scarcity will increase in South Asia due to climate change and global warming (Mishra 

et al., 2020). Several factors, such as the movement of the Inter-Tropical Convergence Zone 

(ITCZ), local mountain ranges and related orographic circulation, proximity to water bodies 

(the Arabian Sea, Indian Ocean, and BoB), and large-scale atmospheric circulations, impact 

the climate of the area. 

2.2.2 Detection and Exploration of Extreme Rainfall 

The detection and exploration of EREs in the South Asian Regions is the primary objective of 

the study. Here, the EREs are selected based on the percentile value of the daily rainfall. A 

similar criterion has been adopted in many previous studies. For example, Varikoden and 

Revadekar (2020) used this condition to detect EREs in the northeast regions of India. The 

present study considered daily rainfall during the summer monsoon season as an extreme 

rainfall event if it exceeds the 99th percentile (≥99p) value. The rainfall amount (rf99p) and the 

number of days (nd99p) of rainfall exceeding the 99th percentile are calculated to explore the 

features of EREs. The standard deviations of mean and EREs and the percentage contributions 

of extreme events to seasonal rainfall are also calculated.  
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2.2.3 Identification of Regions with Significant Long Term Trends and 

Characterisation of EREs 

The study identified five regions with noticeable rainfall changes in the long-term trends by 

considering the cases of both mean and extreme rainfalls. It also explored the evolution and 

dissipation characteristics of the EREs in the identified regions by calculating their composites 

and lead-lag behaviour. In addition to the linear trends, it also employed Mann-Kandall non-

parametric trend analysis (Mann, 1945; Kendall, 1975) to identify the significance of the trends 

and also estimated Sen’s slope to quantify the trend values.  

The Mann-Kendall statistic for ‘n’ number of data values (the variance of the trend statistic S 

-Var (S)) is computed by the following equation.  

Var(S) =
1

18
n(n − 1)(2n + 5) 

The standardised statistic 'Z' is given after variance correction as 

 

 

 

 

 

 

 

Sen's nonparametric method is used to estimate the actual slope of an existing trend (as change 

per year) 

For ‘n’ data values, the slopes of all data value pairs are found as 

                       Qi =
xj−xk

j−k
  ,  where j > k 

Sen’s slope estimator is the median of the N values of Qi. The N values of Qi are ranked from 

the smallest to the largest, and Sen’s estimator is 

                   Q = Q[(N+1)/2],  if N is odd 

                   Q =
1

2
(Q[N/2] + Q[(N+1)/2]),  if N is even 

The probability density function (PDF) is used in this study to observe the relative density of 

precipitation extremes in various periods. In this section, the PDFs of mean and extreme rainfall 

for the entire period, as well as for the pre-1980 and post-1980 periods, were found. It is a non-

parametric method using kernel density estimation on a random sample. The general formula 

is        

f̂h(x) =
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∑ Kh(x − xi)
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i=1
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 ,  if S < 0
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where x (x1, x2, …, xi) is an independent parameter; f̂  is the unknown density at any given 

point  of x; K is the kernel density estimation (a non-negative function); and h is the bandwidth 

with a smoothing parameter (h>0). 

2.2.4 Correlation of Mean and Extreme Rainfall with Global Climate Indices 

The spatial correlation of rainfall over the Indian subcontinent with different climate indices is 

analysed to determine their relationship with various global climate forcing mechanisms. A 

correlation study is conducted with Niño3.4, El Niño Modoki, DMI, PDO, AMO and AZM. 

The Pearson correlation coefficient is used to estimate the correlation between climate indices 

and ISMR. It is a statistical test that estimates the strength of the relationship between different 

variables. It can range from +1, indicating a perfect positive relationship between the variables, 

to –1, indicating a perfect negative relationship, with 0 signifying no relationship between the 

variables. 

Pearson correlation coefficient, r =
n(∑xy)−(∑x)(∑y)

√[n∑x
2
−(∑x)2][n∑y

2
−(∑y)2]

 

  

Where, n = number of pairs of data, ∑xy = sum of products of the paired data,  ∑x = sum of 

the x scores, ∑y= sum of the y scores, ∑x2 = sum of the squared x scores,  ∑y2 = sum of the 

squared y scores. 

A Student’s t-test is used to evaluate the strength of the correlation of mean and extreme rainfall 

with global climate indices at 0.05 significance level. 

The Student’s t-test formula to calculate the test statistic: 

                    t = (r × sqrt(n − 2))/sqrt(1 − r2) 

Where r is the observed correlation coefficient between rainfall and the climatological index, 

and n is the number of data points. 

2.2.5 Dynamical Characteristics of EREs 

To explore the cessation and dissipation characteristics of EREs, composites of all the events 

have been made from 6 days before to 6 days after the events. The evolutionary and dissipation 

characteristics of the EREs were studied based on the lead-lag composites of horizontal 

circulations, Relative vorticity, specific humidity anomalies and vertical vorticity. Vertically 

integrated moisture transport, moisture convergence and vertically integrated moist static 

energy are also assessed during the EREs over the four different regions.  
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Relative vorticity (RV) represents the counterclockwise or clockwise rotation of air parcels 

related to the characteristics of the flow around them, and it can be calculated based on the 

equation.                                 RV =
∂v

∂x
−
∂u

∂y
 

Moisture transport represents the movement of moisture through the atmosphere, specifically 

from the oceans to the continents, and it describes the link between evaporation from the sea 

and precipitation over the continents (Gimeno et al., 2016). Mass-weighted vertically 

integrated moisture transport (VIMT) between the 1000 hPa and 300 hPa in the Eulerian 

framework is given as,  

                                VIMT = √(
1

g
∫ q u dp
300 hPa

1000 hPa

)

2

+ (
1

g
∫ q v dp
300 hPa

1000 hPa

)

2

   

Where q is the specific humidity (g kg-1); u and v are the zonal and meridional winds (m s-1), 

respectively; g is the acceleration due to gravity (m s-2), and dp is the pressure difference 

between two pressure levels in hPa (Thapa et al.,2018, Lakshmi et al., 2019). 

Moist static energy (MSE) is the sum of internal energy, potential energy and latent energy, 

and it is widely used to describe the state of an air parcel in the atmosphere. Here, the internal 

energy is the energy present inside the air parcel or energy required to create the system in a 

given state; potential energy is due to its height above the earth’s surface, and latent energy 

arises due to the water vapour present in it. 

MSE = CPT + gz + LVr 

Where CP is the specific heat capacity for dry air at constant pressure (1005 J Kg -1 K-1), T is 

the air temperature in kelvin, z is the geopotential height in metre, LV is the latent heat of 

vapourisation (2.257 × 106 J/kg) and r is the water vapour mixing ratio, and it can be 

considered as specific humidity q (Kiranmayi and Maloney, 2011; Yano et al., 2017; Yasunaga 

et al., 2019).  

2.2.6 CMIP6 Models 

In the projection study, mean and extreme rainfalls were simulated in the historical period and 

also projected in future periods over the study region for various SSP scenarios. For the 

historical analysis of extreme rainfall for the period of 1950 to 2014, the data of the CMIP6 

models are compared with the monthly rainfall data downloaded from the CRU. The monthly 

rainfall dataset of models is chosen according to the data available for the historical period 
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(1950–2014). Since the resolution of each GCM is different, at first, all GCM model data and 

CRU data were re-gridded to a common 1.5° latitude × 1.5° longitude spatial resolution.  

2.2.6.1 Seasonality Check and Taylor Diagram Analysis  

The screening of simulating models is done based on their responses to the annual cycle of 

rainfall and then by Taylor diagram analysis. Firstly, the annual cycle of rainfall for all models 

was drawn along with CRU data. After finding the ±2 standard deviations of the observational 

data, all models that did not fall within this range were screened out. In this way, better-

performing models that can simulate the summer monsoon rainfall variations on par with 

observational data and qualify for further analysis have been selected. For the further scrutiny 

of models to simulate the EREs, which have the nearest spatial pattern to that of the 

observational dataset, a Taylor diagram (Taylor, 2001) was drawn by taking the 95th percentile 

of the monthly rainfall data for the summer monsoon season over the historical period. In this 

part of the study, the 95th percentile is taken as the threshold value for identifying the extreme 

rainfall event. The CMIP6 rainfall data sets are masked over the ocean to compare with the 

land only CRU rainfall datasets. Bilinear regridding of all GCM models and CRU data sets was 

done since all data sets must be on the same grid size for performing spatial correlation and 

variance analysis for estimating the Taylor diagram. Taylor diagram is a graphical tool used in 

meteorology and other fields to assess the performance of numerical models or observational 

data by comparing their correlation, standard deviation, and amplitude with a reference dataset. 

They are particularly useful for evaluating how well a model reproduces the characteristics of 

a reference dataset, such as its variability and bias. The central India region with latitude 19°N 

– 26°N and longitude 75°E – 85°E is selected for computing the annual cycle of rainfall, as the 

region shows almost spatially homogeneous monsoon characteristics as compared to the large 

variabilities shown by other regions of the study area (Goswami et al., 2006). To evaluate the 

CMIP6 models' quantitative capacities of capturing the ISMR, their projected seasonal mean 

rainfall and extreme rainfall amounts were compared with CRU observational data over land 

for the historical period 1950-2014. The percentage contribution of extreme rainfall to the 

seasonal mean is also compared to get a clear idea. 

2.2.6.2 CMIP6 Scenarios 

In the context of widely reported climate change over the South Asian region, the present study 

also addressed the notable spatio-temporal changes in extreme precipitation (≥95p) over the 

study area under four different future warming scenarios (shared socioeconomic pathways, or 
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SSPs) from 2015 to 2100. The four SSPs selected for projecting the future of extreme 

precipitation are SSP1-2.6 (RCP2.6), SSP2-4.5 (RCP4.5), SSP3-7.0, and SSP5-8.5 (RCP8.5), 

where the radiative forces stabilise at approximately 2.6 Wm-2, 4.5 Wm-2, 7.0 Wm-2, and 8.5 

Wm-2. The different pathways have integrated future changes in climate forcings (e.g., 

greenhouse gas emissions, tropospheric aerosols, land use, etc.) with societal impacts (e.g., 

human development, economy and lifestyle, policies and institutions, technology, and 

environment and natural resources, etc.) to investigate climate impacts up to 2100 and are 

considered as key aspects in climate risk assessments with different climate policies as well as 

provide options for mitigation and adaptation (O’Neill et al., 2017; Zhang and Ayyub, 2021; 

Andrijevic et al., 2020). The details of SSP scenarios are listed in the IPCC-AR6 (IPCC, 2021). 

Utilising the selected models, the study focused on the alterations in the spatiotemporal pattern 

of extreme precipitation during the summer monsoon season under future (2015–2100) 

warming scenarios, comparing them to the historical period (1950–2014). 
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CHAPTER 3  

PHYSICAL CHARACTERISTICS OF SOUTH ASIAN SUMMER MONSOON 

EXTREME RAINFALL EVENTS AND THEIR ASSOCIATION WITH GLOBAL 

CLIMATE INDICES 

3.1 Introduction 

Most South Asian regions are vulnerable to extreme rainfall events (EREs), which lead to major 

hydrological disasters, adversely affecting flora and fauna and causing large-scale damage to 

livelihoods and the economy. In the current warming climate scenario, extreme events during 

the summer monsoon season have been reported more frequently, especially over the Indian 

subcontinent (Goswami et al., 2006; Shastri et al., 2015; Varikoden and Revadekar, 2020). This 

chapter explores the spatial variability and the related characteristics of South Asian summer 

monsoon rainfall and EREs over 65 years, from 1951 to 2015. A statistical method based on 

the percentile of daily rainfall (≥99th percentile) is used to identify extreme rainfall zones. This 

section of the study aims to investigate the spatiotemporal features and heterogeneity of EREs 

at a finer spatial resolution. Moreover, the chapter analyses the association of various climate 

indices (Niño3.4, Modoki, DMI, PDO, AMO, and AZM) in modulating the mean and extreme 

rainfalls over the region. 

3.2 Climatology of Mean and Extreme Rainfall 

The spatial patterns of mean and extreme rainfalls during the summer monsoon season over 

the South Asian monsoon (SAM) domain are depicted in Figure 3.1. The climatology of the 

mean rainfall pattern constructed for the study period shows high precipitation over the west 

coast of India and northeast regions and the coastal areas of Bangladesh and Myanmar. 

Moderate rainfall is observed across the Himalayan foothills and central Indian regions, with 

low rainfall in southeast India and the northwest regions (Figure 3.1a). The topographic 

features of the west coast, Himalayas, and northeastern regions play an essential role in 

contributing to abnormally high rainfall over these regions during the summer monsoon period 

compared to other regions (Roe, 2005; Bookhagen and Burbank 2006, 2010; Varikoden et al., 

2018; Kuttippurath et al., 2021). 

Most climate studies utilise precipitation percentile (or quantile) indices to assess trends and 

projections of extreme precipitation events (Schär et al., 2016). Identifying extremes through 

multiyear averaging of precipitation data can lead to misleading interpretations (Parkinson, 

1989). The present study identified EREs during the summer monsoon season by determining 
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the 99th percentile of daily rainfall for the study period. The spatial pattern of rainfall 

corresponding to the 99th percentile reveals large values in most west coast regions (> 80 mm 

day-1), some pockets in the northeast, and the foothills of the Himalayas. Central India exhibits 

moderate values, with some areas exceeding 60 mm day-1. Very low values for 99th percentile 

rainfall (< 20 mm day-1) are observed in the southeast, northwest, and northern regions such as 

Jammu, Kashmir, and Ladakh (Figure 3.1b). The spatial distribution of extreme rainfall (> 

rf99p) during the summer monsoon season shows a high amount (> 175 mm season-1) on the 

west coast and more than 125 mm season-1 in isolated regions of central India, the foothills of 

the Himalayas, and the northeastern regions (Figure 3.1c). The high values of extreme rainfall 

in the regions of the West Coast, Uttarakhand, Himachal Pradesh, Meghalaya, and Arunachal 

Pradesh may be attributed to the influence of topographic features. Extreme rains also impact 

the Indo-Gangetic plains during the summer monsoon season. The northwest and southeast 

regions experience very low amounts of rainfall (< 50 mm season-1) even during these extreme 

episodes. 

Figure 3.1: Mean and extreme rainfall climatology: (a) summer monsoon rainfall 

climatology (mm season-1) over the South Asian monsoon domain for the duration 1951-

2015(65 years); (b)99th percentile (99p) of daily rainfall during the summer monsoon 

season from the above 65year period (mm day-1); (c) amount of rainfall exceeding 99p 

(mm season-1) during summer monsoon period for the duration 1951-2015; (d) number 

of days exceeding 99p (season-1) during summer monsoon period for the duration 1951-

2015. 
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The climatology of the number of days of extreme rainfall (> nd99p) is depicted in Figure 3.1d. 

The spatial distribution of the number of extreme rainfall days differs from the distribution of 

the amount of rainfall from extreme events. The number of extreme events shows high values 

in the northwestern and northern regions, including Ladakh and Kashmir; however, the rainfall 

recorded over those regions is negligibly small (< 50 mm season-1) from extreme events. 

Therefore, these regions are not considered for further analysis due to the minor contribution 

of rainfall from extreme events. Similarly, the impact of extreme events may become more 

vulnerable and devastating if more downpour occurs within a short span. Regions like the west 

coast, some places in central and northeast India, the foothills of the Himalayas, and coastal 

areas of Myanmar and east Bangladesh contribute a high amount of rainfall from less extreme 

events. 

3.3 Standard Deviation of Mean Rainfall and Extremes  

Figure 3.2 provides the spatial distribution of mean and extreme rainfall variability, illustrating 

deviations from the mean value across the spatial domain. In Figure 3.2a, it is evident that 

climatological rainfall exhibits high variability over the west coast, extending to Gujarat, 

central India, the foothills of the Himalayas, and northeastern regions (> 230 mm season-1). 

The entire Bangladesh and Myanmar coasts also experience high rainfall variability during the 

summer monsoon season. The spatial variability of extreme rainfall during the season follows 

a similar pattern to climatological variability but with lower magnitudes (Figure 3.2a, b). This 

lower variability is attributed to the lower amount of rainfall from extreme events. In other 

words, the variability of extreme rainfall is directly proportional to the variability of seasonal 

rainfall. The standard deviation of days with extreme events reveals a distinct pattern crucial 

for describing the actual impacts of such occurrences (Figure 3.2c). The southern end of 

peninsular India, the Gujarat region, and the foothills of the central Himalayas exhibit 

considerable variability in the number of extreme days, with moderate variability in the 

amounts of extreme rainfall. Uttarakhand, Himachal Pradesh, Arunachal Pradesh, and the Indo-

Gangetic plain regions experience high variability in both rainfall and the frequency of extreme 

events. These regions are prone to more calamities, such as floods and flash floods resulting 

from substantial amounts of rainfall occurring over consecutive extreme days; furthermore, the 

variability in these regions is also exceptionally high. Minor deviations in the number of days 

and significant variations in extreme rainfall amounts over the northern part of the west coast 

and certain regions in central India render these areas more vulnerable to hazards stemming 
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from extreme events. 

3.4 Contribution of Extreme Rainfall to the Annual Rainfall 

Figures 3.3a&b represent the percentage contribution of extreme rainfall and its number of 

days to seasonal rainfall. The contribution of extreme rainfall is more significant (>20%) in the 

southeast and northwest regions, where the rainfall corresponding to the 99th percentile has low 

values. The contribution of extreme days has high values in the foothills of the Himalayas and 

the southern parts of the west coast. The Arunachal Pradesh region has an increased 

contribution of extremes in terms of the amount of rainfall (>30%) and the number of days 

(>4%). Although extreme rainfall contributes less in the west coast regions and other rainy 

areas, its impact lies in the combinational effect of the amount of rainfall and its duration. In 

the southern part of the west coast, around 10°N, the percentage of occurrence of extreme 

events is high. These events are in high-altitude areas, which amplify the magnitude of 

devastation and may lead to landslides and other natural disasters. Most of the central India 

regions have a high amount of rainfall contribution towards the seasonal total from fewer 

numbers of extreme days, which increases the damage to the population and economy from 

extreme events. 

 

Figure 3.2: Standard deviation of (a) summer monsoon rainfall climatology (mm 

season-1); (b) Amount of rainfall exceeding 99p (mm season-1) during JJAS season for 

the duration 1951-2015 (65 years); (c) number of days exceeding 99p (season-1) 

during JJAS season for the duration 1951-2015. 
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Figure 3.3: Percentage contribution of (a) amount of rainfall exceeding 99p (mm 

season-1); (b) number of days exceeding 99p (season-1) to the seasonal average. 

3.5 Spatial Trends of Mean and Extreme Rainfall 

The summer monsoon rainfall exhibits substantial temporal and spatial variabilities, ranging 

from weak to intense events (Goswami et al., 2006; Varikoden et al., 2012, 2013; Singh et al., 

2019). Due to discontinuities within small spatial and temporal scales, the outcomes derived 

from conventional trend analyses of Indian summer monsoon rainfall (ISMR) conducted over 

larger regions (e.g., central India by Goswami et al., 2006) are contradicted by analyses 

performed at finer resolutions (Gosh et al., 2009). The current study unveils that spatial trends 

are not homogeneous across the spatial domain for both mean and extreme rainfalls (Figure 

3.4). The spatial distribution of linear trends in seasonal rainfall is notably negative in most 

rainy areas of the Indian subcontinent, particularly in the Kongan belts, central Indian region, 

and northeast regions. In these regions, rainfall is exhibiting a decreasing trend with values less 

than –0.2 mm season-1 decade-1. Conversely, linear trend values are increasing in regions with 

lower rainfall, suggesting a trend toward wetter conditions in these areas. This indicates that 

wetter regions are becoming drier, while drier regions are becoming wetter. The spatial trends 

of extreme rainfall and its events also exhibit a similar pattern, although variations exist in 

magnitudes and, to a slight extent, in specific regions. 

In the case of extreme rainfall, major changes in spatial trends are observed in the west coast, 

central India, and north Indian regions. In the west coast regions, a negative trend (< –20 mm 
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season-1 decade-1) is evident in the southern part of the Western Ghats (WG); however, rainfall 

from extreme events shows a positive trend north of 15°N (Figure 3.4b). A similar pattern of 

contrasting trends in the WG is found for the number of extreme rainy days (Figure 3.4c). 

Varikoden et al. (2019) identified an increasing trend in summer monsoon rainfall in the 

northern WG and a decreasing trend in southern parts. They attributed this contrasting trend to 

the northward migration of the low-level jet stream (LLJ). This northward migration of the LLJ 

is driven by the abnormal heating of the northern Indian Ocean and adjoining continents (Roxy 

and Tanimoto, 2007; Vialard et al., 2012; Varikoden et al., 2019), which, in turn, regulates 

interannual variability. Moreover, Sandeep and Ajaymohan (2015) argued that the weakening 

of meridional heat transport during the southwest monsoon period also led to the weakening of 

rainfall in the south of the WG and the strengthening of rainfall in the north. In the case of 

central Indian regions, the trends' values are highly inhomogeneous, and the regions of positive 

and negative trends (~15 mm season-1 decade-1) are highly localised. This kind of 

inhomogeneity makes central Indian regions unpredictable in terms of regional extremes and 

their impacts. As Patnaik and Rajeevan (2010) suggested, synoptic-scale systems mainly 

contribute to one possible cause for the long-term increasing trend of EREs over central India. 

The number of days with a greater degree of moist convective instability shows an increasing 

trend during the summer monsoon period. Roxy et al. in 2017 suggested that despite the 

decrease in locally available water vapour and the frequency of moisture-laden depressions 

from the Bay of Bengal, a contemporaneous rise in the magnitude and frequency of heavy and 

EREs over central India is due to the increased variability of the low-level monsoon westerlies 

over the Arabian Sea, driving surges of moisture supply to the subcontinent. In north-central 

India, negative trends are found for both mean and extreme rainfalls. It is interesting to observe 

that the spatial distribution of extreme rainfall and its events shows a positive trend in the 

western Himalayas, a negative trend in the central Himalayas, and a positive trend in the eastern 

Himalayas. The northern part of northeast India (Arunachal Pradesh regions) shows a positive 

trend in both the mean (> 0.2 mm season-1 decade-1) and extremes (> 20 mm season-1 decade-

1). In the case of regions in Nepal, the mean and extreme rainfall trends show contrasting 

patterns, with positive trends in mean rainfall and negative trends in extreme rainfall. Similarly, 

Bangladesh's regions also show contrasting trends for mean and extreme rainfalls. 

In addition to the spatial trends, five pronounced regions were selected based on the linear trend 

of extremes in terms of amount and frequency to gain better insight into the characteristics of 

extreme events. The selected areas are marked in Figure 3.5 and are represented in the plot 
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showing the rainfall amounts exceeding the threshold value (Figure 3.4b). The area 

specifications of the selected regions, along with the seasonal rainfall and standard deviations, 

are given in Table 3.1. Spatial and lag-lead composites of extreme events and a time series of 

interannual variability and trends over the selected regions are constructed and analysed in the 

immediate section. 

SL. 

No. 
Name Symbol Area Specification 

Average 

rainfall (mm 

season-1) 

Standard 

deviation 

1 Southern West Coast SWC 10°–16° N, 73.5° –77.2° E   1215 222 

2 Northern West Coast NWC 16° –20° N, 72.6° –74.4° E  1802 320 

3 Central India  CI 19° – 24.5° N, 75°–85° E 889 131 

4 Northcentral India NCI 24.5° –27.5° N, 73.5° – 85° E 653 111 

5 Northeastern Region NER 21° – 25° N, 88° – 96° E 1164 139 

Table 3.1: Name and regions selected for the study along with its mean and standard 

deviation of rainfall 

 

Figure 3.4: The spatial trend of (a) mean rainfall, (b) amount of rainfall exceeding 99p, 

(c) number of days exceeding 99p. The unit of the trend is mm season-1 decade-1. 
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Figure 3.5: The selected areas are marked in the plot showing the rainfall amounts 

exceeding the 99p threshold value. 

3.6 Spatial Composite of Extreme Rainfall Events 

After identifying the prominent zones, all rainy days surpassing the 99p threshold value are 

extracted from the zones. Subsequently, the rainfall composite in the identified regions is 

found. Figure 3.6 illustrates the spatial distribution of the evolution and dissipation of extreme 

rainfall activities in the identified regions from 6 days before to 6 days after the extreme event, 

at intervals of 3 days. The analysis indicates that extreme events are predominantly 

heterogeneous in space and independent from one region to another. This variability may stem 

from differences in the driving forces of these extremes, such as synoptic and large-scale 

influences. Notably, the evolution phase of extreme systems is comparatively slower than the 

dissipation phase. On the extreme day, rainfall exceeds 100 mm day-1 in most grids within the 

SWC and NWC regions, situated in the western coastal belts of the WG. These two regions 

were selected separately due to differing trends despite the similarity in the spatial distribution 

of rainfall. As noted in earlier studies (Sandeep and Ajayamohan, 2015; Varikoden et al., 2019), 

the northern regions exhibit increasing rainfall trends, while the southern regions show 

decreasing rainfall trends, i.e., in the NWC and SWC regions, respectively. The lead-lag 

composite of rainfall extremes over these regions (derived from the area average of rainfall 
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amounts in the SWC and NWC regions) is presented in Figures 3.7a &b. Rainfall is above 

normal from 12 days before the extreme event, gradually increasing until three days before the 

event. However, from that day onward, the rainfall showed a sharp increase until the day of 
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Figure 3.6: Spatial composite of extreme rainfall events over SWC, NWC, CI, NCI, and 

NER as separate panels. 
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extreme activity. The cessation of active rainfall is faster than its onset, with the southern region 

experiencing a sharper decrease than the northern region. The southern region recorded above-

normal rainfall about two weeks after the extreme event. However, this prolonged effect is 

limited to only ten days in the northern region. 

Figure 3.7: Lead lag composite of EREs during the southwest monsoon season for the 

period from 1951 to 2015.  The horizontal line is the mean rainfall for the summer 

monsoon study period. 

In the case of central India (Figure 3.6, third column), rainfall from extreme events is recorded 

at more than 50 mm day-1 in most of the grids. The temporal distribution of the events over 
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these regions differs significantly from the west coastal belts. A peak in rainfall is observed up 

to 6 days before the extreme event (represented as -6 days in the third column of Figure 3.6) in 

small regions experiencing extreme rainfall (> 30 mm day-1). However, a dip in rainfall is noted 

between this peak and the extreme peak. After the extreme day, the rainfall gradually dissipates 

and again shows a minor peak. This feature is observed in Figure 3.7c. Following the extreme 

event, the rainfall exhibits a wavy pattern of approximately six days. As observed in the spatial 

pattern, the lead-lag composite also demonstrates gradual enhancement and sudden dissipation 

in rainfall. Soon after the extreme event, the rainfall returns to below-normal conditions.  

Extreme events in north-central India and northeast regions are almost independent in both 

regions (Figure 3.6, fourth and fifth columns). In the north-central regions of India, extreme 

events are registered only during the day of extreme activity, with rainfall exceeding 50 mm 

day-1. In the previous days of the EREs over NCI, central India and the west coastal regions 

had a high amount of rainfall. However, during the extreme day, the west coast regions 

experience suppressed rainfall compared to the previous days. The sharp evolutional and 

dissipational nature of NCI extremes can be confirmed by the lead-lag composite of the rainfall 

activity over this region (Figure 3.7d). The rainfall shows an abnormal increase from the day 

before the event and decreases within one or two days. In the remaining period, the rainfall is 

about normal. In the case of the northeast region, a small area of high rainfall activity is seen, 

and it may be the wettest region in the world, called Cherrapunji (Kuttppurath et al., 2021). 

However, the extreme rainfall is focused on a small region south of Cherrapunji, and the rainfall 

amount during the extreme episode is more than 60 mm day-1. The lead-lag composite analysis 

shows below-normal rainfall in the activity region for about one week before and after the 

event. Here, the extreme event also develops and dissipates within a short period, which is 

about three days. Similar findings were also concluded by Varikoden and Revadekar (2020) in 

the northeast region. 

3.7 Inter-annual Variability and Trend Analysis 

Figure 3.8 describes the inter-annual variability of seasonal mean and EREs from 1951 to 2015. 

A three-point smooth is employed in the time series to remove sudden fluctuations in rainfall 

activity. In all five regions, seasonal rainfall shows less variability compared to the amount of 

rainfall from extreme events. The three-point smoothed mean of the seasonal total rainfall in 

regions SWC, NWC, CI, NCI, and NER are 1215, 1816, 890, 653, and 1164 mm season-1, with 
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variabilities of 147.6, 232.6, 72.0, 65.0, and 84.2 mm season-1, respectively. However, the 
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Figure 3.8: Year-to-year variability of mean and extreme rainfall from 1951 to 2015 

during the southwest monsoon period for all the study regions. The solid line is for the 

climatology and the dashed line is for the extreme rainfall. The value of seasonal mean 

rainfall is divided by 10 to incorporate both mean and extremes in a single plot. 
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extreme rainfall amounts are 71, 125, 35, 28, and 53 mm season-1 with standard deviations of 

52.2, 99.2, 22.6, 19.7, and 33.3 mm season-1 in regions from SWC to NER, respectively. 

Concerning long-term trends, most regions show decreasing trends in both seasonal mean and 

extreme rainfall amounts. The significance of the trends for mean and extreme rainfall values 

is estimated based on Mann-Kendall trend analysis (Kendall, 1975), and the results are given 

in Table 3.2. The nature of the slope, p-value, z-value, and Sen’s slope are provided in the 

table. In all regions except NWC, mean rainfall during the period shows a decreasing trend 

with a 95% confidence level (the Z-values for regions SWC, NWC, CI, NCI, and NER are -

2.49, -1.30, -1.96, -3.64, and -3.10, respectively). However, in the case of extreme rainfall, 

regions SWC, NCI, and NER show significant negative trends with 11.3, 5.9, and 1.3 mm 

season-1 decade-1, respectively. Based on the MK-test, the trends in SWC and NCI are highly 

confident at the 99.9% level. However, compared with Sen’s slope, the trend values are slightly 

higher in the case of linear trends without any change in direction. The other two regions, NWC 

and CI, show positive trends with 0.7 and 4.5 mm season-1 decade-1, respectively. The trend 

value in region CI is highly confident at a 99.9% level. Linear trends are more significant for 

extreme rainfall changes than total seasonal rainfall.  

 

 

 

 

 

 

 

 

 

 

 

 

*  indicate the trends are confident at more than 95 % level 

Table 3.2: Results of Mann-Kendall trend analysis for the period 1951-2015 

In general, it can be concluded that the west coast regions exhibit contrasting trends for extreme 

events, with positive trends in the north and negative trends in the south, as briefed by 

Varikoden et al. (2019). Central Indian regions also show a contrasting trend, with a negative 

Regions P-value Z-value 
Sen’s slope 

(mm yr-1) 
Trends 

SWC-mean 0.0129 -2.49* -2.3 decrease 

SWC-extreme 0.0010 -3.30* -1.13 decrease 

NWC-mean 0.1948 -1.30 -2.3 decrease 

NWC-extreme 0.7727 0.29 0.07 increase 

CI-mean 0.0495 -1.96* -1.0 decrease 

CI-extreme 0.0002 3.72* 0.45 increase 

NCI-mean 0.0003 -3.64* -1.7 decrease 

NCI-extreme 0.0000 -4.38* -0.59 decrease 

NER-mean 0.0020 -3.10* -1.7 decrease 

NER-extreme 0.6343 -0.48 -0.13 decrease 
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trend in the north (NCI region) and a positive trend in the south (CI region). On the eastern 

side, rainfall shows a negative trend for both mean and EREs. Notably, region NWC has non-

significant trends for mean and extreme rainfall. 

3.8 Probability Distribution of Mean and Extreme Rainfall 

The probability density function (PDF) of the rainfall time series from 1951 to 2015 was 

estimated to characterise the probabilistic distribution structure of the mean and extreme 

rainfall. The PDF analysis identifies the plausibility of the occurrence of any random variable 

within an interval, which is calculated by integrating the variable density over that interval. 

The PDF is non-negative, and the integration over the entire region under the curve is equal to 

one (Ogungbenro and Morakinyo, 2014). Calculated PDFs for mean and extreme rainfall over 

five different regions of South Asia for the total period (1951-2015), in addition to the pre-

1980s and post-1980s, as depicted in Figure 3.9. From the figure, distinct differences in the 

pattern of the PDF of mean rainfall (left panels) and extreme rainfall (right panels) can be 

observed. The PDF of mean rainfall for the entire period is more influenced by the PDF of 

mean rainfall in the post-1980s period compared to the pre-1980s period. The PDF of mean 

rainfall peaked on the lower rainfall side, as evidenced by shifting leftward in the post-1980 

period when compared to the total and pre-1980 periods. This shift signifies a reduction over 

time in the amount of mean rainfall associated with the frequency of occurrence. In the case of 

the PDF of extreme rainfall (right panels), the distribution differs slightly from that of mean 

rainfall. In the SWC region, the PDF is almost similar for the total and pre-1980 periods, with 

large fluctuations and lower frequency. However, in the case of post-1980 periods, the PDF 

curve is narrower, and the peak shifts towards the left, indicating reduced rainfall activity in 

those regions. The PDF distribution of the NWC region is almost in contrast to the SWC region, 

except for the total distribution. Here, the PDF for the pre-1980 period is narrower, and the 

post-1980 period is wider, with high extreme rainfall values (> 500 mm). Varikoden et al. 

(2019) also discussed these contrasting characteristics of rainfall. Similarly, the regions CI and 

NCI also show opposite features in the PDF distribution for the pre-and post-1980 periods. The 

peak of the PDF in the CI region has the same frequency, with a slight shift towards the left 

and right in their peak concerning the PDF of the total period during the pre-and post-1980 

periods, respectively. Most extreme rainfall was concentrated in a 40- 50 mm range in the NCI 

region during the post-1980 period. In contrast, rainfall was concentrated around the 20 to 35 

mm range during the pre-1980 period. Extreme rainfall in all regions except SWC manifests 

increasing variability in the post-1980 period by demonstrating its wider curve. 
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3.9 Correlation of Mean and Extreme Rainfalls with Global Climate Indices 

The present study also investigates the correlation between global climate indices and rainfall 

over the Indian subcontinent. Spatial correlation is utilised to identify this relationship, and the 
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Figure 3.9: Probability density function of mean (left panels) and extreme (right 

panels) rainfall over five regions of India. The blue line represents the PDF of rainfall 

for the total period (1951 – 2015), and the red and green curves are PDFs of the pre- 

and post-1980 periods, respectively. 
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strength of the correlation is estimated through the Student’s t-test. In Figure 3.10, the spatial 

correlation of mean and extreme rainfall with global climate indices (Niño 3.4, Modoki, DMI, 

PDO, AMO, and AZM) is depicted, with hatched lines indicating the 5% significance level. 

The relationship of ISMR with different climate indices varies across the spatial domain. The 

Niño index exhibits a broad inverse relationship between mean and extreme rainfall (Figure 

3.10 a, b). The regions with a significant inverse relationship with mean rainfall are extensive, 

covering the entire Indian subcontinent. Previous studies also support these findings (e.g., 

Sikka, 1980; Pant and Parthasarathy, 1981; Webster and Yang, 1992; Kumar et al., 1999; 

Krishnamurthy and Goswami, 2000; Varikoden and Babu, 2015; Hrudya et al., 2020 a, b). 

However, this significant inverse relationship diminishes in the case of extreme events. In the 

central Indian regions, rainfall does not exhibit any significant relationship, and the 

relationships fluctuate widely within the regional scale, as Ghosh et al. (2016) indicated. This 

lack of a significant relationship can be attributed to the fluctuating nature of the relationship 

between these parameters on a multi-decadal time scale (Seetha et al., 2019; Hrudya et al., 

2020b). 

The El Niño Modoki index differs from the canonical ENSO index despite both being coupled 

ocean-atmosphere phenomena in the tropical Pacific Ocean. It distinguishes itself through 

distinct spatiotemporal features and teleconnection patterns. Characterised by a warm anomaly 

in the central Pacific flanked by cold anomalies on both sides (Ashok et al., 2007; Ashok and 

Yamagata, 2009), the Modoki index exhibits a negative correlation with rainfall in most 

regions, except in east central India, where the relationship is in phase (Figure 3.10 c, d). Unlike 

the classical ENSO index, the Modoki index shows fewer significant areas. When describing 

El Niño Modoki extremes, the correlation coefficient is more positively significant throughout 

central India, with some areas reaching a 95% confidence level, along with enhanced positive 

values in the northeast regions compared to mean rainfall. Additionally, during extremes, the 

areas of inverse relationship exhibit a considerable reduction, and slight positive correlation 

values are observed in the Ganges plains. Dandi et al. (2020) also found that rainfall anomalies 

are below normal in southern peninsular India and positive over central India during El Niño 

Modoki years. 

The IOD index serves as a gauge of the difference in the Sea Surface Temperature (SST) 

anomalies between the west and east Equatorial Indian Oceans (Saji et al., 1999). Generally, 

this index exhibits a positive correlation with the ISMR, although the correlation is not 
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statistically significant (Ashok et al., 2001, 2003; Ashok and Saji, 2007; Hrudya et al., 2021). 

However, the current analysis reveals an inverse relationship with both mean and extreme 

rainfall, except in the central Indian regions. Notably, during extreme events, the strength of 

the positive relationship intensifies compared to mean rainfall (Figure 3.10 e, f). Significant 

inverse relationships are observed in the northeast and north-central regions, in addition to 

Figure 3.10: Correlation coefficient of the mean (left panel) and extreme rainfalls 

(right panel) with (a) and (b) Niño 3.4; (c) and (d) El Niño Modoki; (e) and (f) DMI; 

(g) and (h) PDO; (i) and (j) AMO; (k) and (l) AZM. The hatched lines represent areas 

with 5% significance level. 
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peninsular India. Conversely, the relationship is non-significant in the rain shadow regions, and 

it may be in phase over the peninsular regions. The ongoing warming trend of the equatorial 

Indian Ocean, coupled with the IOD, is suggested to contribute to more frequent EREs and 

related hazards in central India (Ajayamohan and Rao, 2008).  

The PDO index in the subtropics of the North Pacific Ocean is linked to the ISMR, exhibiting 

a spatial pattern nearly consistent with the Niño3.4 index in terms of mean rainfall. This 

relationship holds across most regions, except in the rain shadow areas of southeast peninsular 

India, where the correlation is slightly positive, though statistically insignificant (Figure 3.10 

g). However, when examining extreme events (Figure 3.10 h), this robust negative correlation 

is not observed in the Indian subcontinent. The correlation coefficients' negative and positive 

regions exhibit significant variability at the regional scale, making it challenging to establish a 

conclusive associative relationship between the PDO index and EREs. 

The spatial correlation of the AMO index with the ISMR is significantly positive in the 

peninsular regions and negative in the monsoon core zone, although the correlations are less 

significant. All the northern regions exhibit high significance with an in-phase relationship 

between the AMO index and ISMR. In contrast, a significant out-of-phase relationship is 

observed in the Myanmar region (Figure 3.10 i). This spatial distribution is almost opposite to 

that of the DMI, particularly over the Indian regions. The relationship with extreme events 

follows a similar pattern to mean seasonal rainfall with less significance. During extreme 

events, the regions of significant in-phase relationships are reduced, and out-of-phase regions 

are enhanced, particularly in central India.  

Considering the AZM, unlike the AMO, the mean summer monsoon rainfall is negatively 

correlated, with statistical significance below the 5% level in the entire central India and the 

west coastal regions. Significant positive correlations are observed in the northern and 

northeast regions, as well as the southeastern regions (Figure 3.10 k). In the case of extreme 

events, the relationship is significant in the regions of the west coastal belts and north-central 

India. The positive relationships for extremes are almost insignificant in the regions where a 

significant relationship is observed for mean rainfall (Figure 3.10 l). 

In general, a negative relationship between extreme rainfall and PDO, AMO, and AZM can be 

established in the central Indian regions. However, it is positive for the indices Niño3.4, 

Modoki, and DMI. In the peninsular regions, an inverse relationship can be attributed to the 
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indices Niño3.4, Modoki, DMI, and PDO; however, AMO and AZM do not show any 

consistent relationship. The mechanisms leading to the teleconnection of global climate indices 

with mean and extreme rainfall, as well as the internal changes occurring over South Asian 

regions, need further exploration. The present manuscript does not delve into the physical and 

dynamical mechanisms behind this teleconnection relationship and their multi-decadal 

changes. This aspect should be studied further. 

 

3.10 Chapter Summary 

The analysis of the spatial characteristics of mean and EREs during the summer monsoon 

season over a 65-year period (1951-2015) reveals that the entire west coast, certain parts of 

central India, foothills of the Himalayas, and northeastern regions are highly prone to EREs 

during the season. The number of days exceeding the 99th percentile value also corresponds to 

the amount of rainfall from these extremes. The contribution of rainfall from extremes to the 

mean rainfall is more than 20% in most non-monsoonal regions of India but less than 15% in 

the monsoonal regions like coastal regions of the WG, central and northeast India, as well as 

the foothills of the Himalayas. The mean rainfall trend is decreasing in most of the Indian 

subcontinent, except on the leeward sides of the WG and some northeast regions extending to 

the coastal areas of Bangladesh and Myanmar. The spatial trends in extreme events follow a 

pattern similar to mean rainfall. However, the northern portions of the west coast show a non-

significant increasing trend. The central Indian regions exhibit a mix of highly varying positive 

and negative trends. These pockets of contrasting trends are isolated, and the significance 

values are comparatively low. 

In conclusion, based on the regional analysis of rainfall composites for extreme events and 

lead-lag analysis, most extreme events develop within a short span of three days, even though 

their signature with above-normal rainfall appears almost one week prior to the event. While 

the southern parts of the west coast, northern parts of central India, and northeast regions show 

similar trends with more or less comparable values for mean and extremes, contrasting trends 

are also observed in the other areas, such as the northern part of the west coast and central 

India. The probability distributions of rainfall in the pre-1980 and post-1980 periods exhibit 

greater differences in the case of extremes than for mean rainfall. The individual analysis of 

the correlation of climatological forcing mechanisms with mean and extremes reveals spatial 

variations. It could not identify any indices as reliable predictors of extreme events in South 

Asian regions. Due to the interdependence of various forcing mechanisms influencing the 
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ISMR, their coupled action makes the impacts and vulnerability of extreme events 

unpredictable. 

The next chapter analyses the dynamic characteristics of South Asian summer monsoon EREs. 

Exploring the circulation and other meteorological parameters conducive to regional ERE is 

the primary focus of the chapter.  
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CHAPTER 4 

DYNAMICAL CHARACTERISTICS OF SOUTH ASIAN SUMMER MONSOON 

EXTREME RAINFALL EVENTS 

4.1 Introduction  

This part of the study investigates the favourable conditions for regional extreme rainfall events 

(EREs) over the Indian subcontinent from 1951 to 2015 in terms of circulation and other 

meteorological parameters. The selected regions for the study were determined through the 

analysis of mean and extreme rainfalls, as discussed in Chapter 3. The large-scale dynamic 

factors leading to the various EREs over different regions are investigated before, during and 

after the EREs. Owing to the heterogeneous nature of the study area in terms of topography, 

presence of waterbodies, and other geographical features, the contribution of the different 

dynamical factors is different in different regions. To explore the cessation and dissipation 

characteristics of various EREs in different regions, the lead-lag composites of horizontal 

circulations, relative vorticity, specific humidity anomalies and vertical velocity are analysed. 

Moisture convergence, vertically integrated moisture transport and vertically integrated moist 

static energy are also assessed during the EREs. 

4.2 Features of Mean and Extreme Rainfall in the Pronounced Regions 

Before exploring the dynamic features of EREs, the analysis of the characteristics of mean 

rainfall and EREs over the selected study regions during the southwest monsoon period from 

1951 to 2015 is conducted. The mean and its standard deviations are given in Figure 4.1a, and 

the linear trends in the form of Sen’s slope values in the regions are expressed in Figure 4.1b. 

In the case of seasonal mean rainfall, the maximum amount of rainfall is received in the western 

coastal regions, while northern regions receive more than that in the southern coastal belts. 

Rainfall extremes also show a similar pattern with a high contribution in the northern west 

coast (NWC). The extreme rainfall contributes about 6.9% to the seasonal mean in the NWC 

regions, but it is 5.9% in the southern west coast (SWC) regions. However, the variability of 

mean and extreme events is high in the northern regions, increasing the uncertainty in the 

predictability of the rainfall events. The maximum contribution of EREs is observed in 

northcentral India, followed by central India, 12.4% and 10.1%, respectively. Although the 

amount of rainfall is high (124 mm season-1) in northwest coastal regions, it contributes only 

6.9% to the seasonal rainfall (1815.5 mm season-1). This region also shows high variability 
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with a standard deviation of 233.73 mm season-1 and 62.87 mm season-1, respectively, for mean 

and extremes. 

In addition to the mean and extreme rainfall distributions, results obtained from the Mann-

Kendall test for the significance of trends in the identified regions and Sen’s slope estimate to 

obtain the magnitude of trends in the respective regions (Figure 4.1b) are also analysed. All 

regions show decreasing trends for mean seasonal rainfall, and the trend values for southern 

west coast (SWC), northern west coast (NWC), central India (CI), northern central India (NCI) 

and northeastern regions (NER) are –2.32, –2.35, –1.03, –1.69, and –1.75 mm year-1, 

respectively. They are significant at more than 95% confidence level except in the NWC region. 

Figure 4.1: (a) Standard deviation of mean and extreme rainfalls over the selected regions 

(mm season-1) (b) Trend of mean and extreme rainfalls over the selected regions (mm 

year-1). 
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In the case of EREs, the trends are significant based on the Mann-Kendall test in the SWC and 

northcentral Indian regions, with more than 99.9% confidence level, but they are not significant 

in NWC and NER regions. It is also important to point out the nature of mean and extreme 

trends over the northwest coastal region, where the trend values for mean and extremes are –

2.35 and +0.07, respectively. Furthermore, this region shows large inter-annual variability as 

manifested with high values of standard deviations for the mean (±233.73 mm year-1) and 

extreme rainfall (±62.87 mm year-1) events (Figure 4.1a) compared to other regions. Moreover, 

this region is comparatively smaller in geographical extent compared to other regions. Due to 

the non-predictable variations and other rainfall characteristics, the study has not included this 

region for further analysis to explore the dynamics of EREs. 

4.3 Circulation Features of Extreme Rainfall Events 

Previous studies confirm the role of monsoon intraseasonal oscillations (MISOs) through 

active and break cycles in generating EREs over the Indian subcontinent by modulating 

synoptic weather disturbances (Singh et al., 1992; Krishnan et al., 2000; Annamalai and Slingo, 

2001; Lawrence and Webster, 2001; Goswami et al., 2003; Wang et al., 2005; Varikoden and 

Revadekar, 2020). The self-induction mechanism of MISOs over the Indian Ocean as the 

seasonal northward migration of the tropical rain bands can provide some background for the 

predictability of EREs (Goswami et al., 2019). This analysis focuses on the short-term lead-lag 

analysis from 6 days before and 6 days after the occurrence of EREs. This is to gain insight 

into the change in the regional circulation features related to the EREs over the selected regions 

from their evolution to the dissipation stages. Wind composites have been made at 850 hPa 

from 6 days back to 6 days ahead of the extreme event to explore the circulation features. 

Vertical cross-sections of the specific humidity and vertical velocity were also explored to 

represent the moisture content and magnitude of convection, respectively. 

The streaming of low-level circulation, which is associated with a large meridional thermal 

gradient between the Asian landmass and surrounding oceans, modulates ISM rainfall (Hoskins 

and Rodwell, 1995; Sagalgile et al., 2017; Patil et al., 2019). Figure 4.2 illustrates the lead-lag 

composite of wind at 850 hPa during EREs from -6 days to +6 days. In the case of extreme 

events over the SWCal regions, the low level circulation was weak almost six days prior to the 

event, especially over the SWCal regions where the wind strength is less than 5 m s-1 

concerning the day of extreme rainfall. Then, the wind strengthens and reaches its maximum 

during the extreme day. During the extreme day, the wind strength is more than 18 m s-1 over 
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the SWC regions and the entire Arabian Sea. In addition to the wind strength, the wind direction 

is modulated from southwesterly to westerly, which helps supply the moisture directly from 

the ocean source, favouring the orographic rainfall. After the extreme event, the recession of 

the strong wind from the land mass and southwest monsoon domain begins and gradually 

reaches its climatological values. However, the rate of weakening of wind is not as fast as that 

of the evolution period.  

Figure 4.2: Lead-lag composite of wind (ms-1) at 850 hPa during extreme rainfall 

events over the selected regions. 
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Similarly, in the case of Central Indian extremes, the wind gradually strengthened from about 

six days back and directed to the central Indian region, where EREs occurred. During the days 

of extreme rainfall, the wind strength exceeded 16 m s-1 in the CI and more than 18 m s-1 over 

the central Arabian Sea, which helps to bring ample moisture from the oceanic source. The 

structure of low-level circulation during the central Indian EREs is analogous to the active 

monsoon situation, and that can also lead to the generation of EREs, and those may be 

associated with large-scale synoptic events like low pressure systems over central India 

(Hirschboeck, 1991; Kale et al., 1994). However, the wind strength is slightly lower compared 

to the extreme events in the SWC regions. Soon after the extreme event, the wind strength 

decreased considerably by the next three days and further decreased thereafter. 

In the case of NCI, the low level Jetstream (LLJ) is weak over the entire South Asian monsoon 

domain, and it has become a break-like or active to break transition condition. The wind core 

bypasses through Sri Lanka, and strength also reduces over the central Indian region from about 

12 m s-1 to 9 m s-1. However, during extreme events, the wind core over the Arabian Sea splits 

into two components: one passes over the NCI (north of 20° N), and the other passes through 

the southern tip of peninsular India. This type of circulation structure during the break monsoon 

season was also reported earlier by Findlater (1971) and Joseph and Sijikumar (2004). This 

northern core of LLJ can be attributed to the occurrences of extreme events there. After that, 

the northcentral component gradually dissipates, and the southern component strengthens. This 

spatial structure indicates the transition from active to break monsoon conditions.  Therefore, 

it can be inferred that the extreme events in NCI regions are mainly produced when the MISO 

oscillation moves from active to break spells. 

The extreme events in the NER are characterised by the southerly winds from the Bay of Bengal 

(BoB), and the wind strength reaches about 12 m s-1 during the extreme day. In general, the 

strength of low level circulation over the Arabian Sea did not show any remarkable changes 

during, before and after the extreme event. It is also noted that the circulation has a significant 

westerly component during the extreme event, and this westerly regime is conducive for 

moisture transport to the region from the BoB and ultimately leads to abnormal showers there. 

The contribution of westerly regimes in the northeast regions was also reported by Fujinami et 

al. (2017), Suthinkumar et al. (2019) and Varikoden and Revadekar (2020). 
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4.4 Relative Vorticity 

Figure 4.3 represents the lag-lead composite of relative vorticity (RV) at 700 hPa during the 

EREs, its evolution and dissipation periods before and after six days from the extreme day for 

all four selected regions. The positive RV indicates the convergence of the low level circulation. 

In the west coast region, the positive RVs are visible in the northern part of the western coastal 

regions from -6 days onwards, and they gradually increase and spread towards the SWC regions,  

where the extreme rainfall occurred (Figure 4.3 first column). After the extreme event, the 

regions of positive RV are confined to the northern regions with an axis over the central Indian 

Figure 4.3: Composite structure of relative vorticity (s-1) at 700 hPa before, during, and 

after the extreme rainfall events over different regions of the Indian subcontinent. 
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regions. The axis of positive RV is situated in the northern regions of the west coast (WC), and 

this is due to the meridional gradient of the low level jet stream, as seen in Figure 4.3. The core 

of LLJ is observed through Peninsular India, primarily through the regions of the EREs, and 

therefore, there are relatively lower values of positive RV there.  

The CI regions are also characterised by positive RV in the case of CI extreme events. The 

intensity of convergence progressively increases till the day of the extreme events. It recedes 

almost suddenly, and a divergence zone appeared in the peninsular region, indicating a sudden 

dissipation of the organised rainfall systems. A similar mode of evolution and dissipation is 

seen in the case of northern central Indian extremes. However, positive RV intensity is 

comparatively lower compared to central Indian extremes. In addition to the low level 

convergence over the northern regions, a similar convergence zone was noticed in the southern 

tip of Peninsular India. This mode of spatial structure is characterised by the active break 

transition, as briefed above (Figure 4.3). In this case, the positive RV is almost stagnant in both 

regions with slight temporal variability.  In the case of northeast extremes (Figure 4.3, fourth 

column), the positive RV is distinct in the regions of EREs. The large-scale axis of positive RV 

through central India is not so distinct in this case, and it indicates the apparent difference from 

other extreme cases in other regions of the Indian subcontinent. From the figure, it is evident 

that the low level convergence zone is persistent over the foothills of the Himalayas, and it 

indicates a break-like monsoon condition. In all the cases, a positive RV is apparent over the 

Arabian Sea and is consistent with the northern part of the LLJ; there, the meridional gradient 

of wind is strong, leading to low level convergence. 

4.5. Moisture Transport During Extremes 

Rainfall activity during the southwest monsoon season has a direct link to the amount of 

moisture transported to the land area of Indian subcontinent from the surrounding oceans, 

especially from the Arabian Sea and southern Indian Ocean (Ghosh et al., 1978; Mohanty et 

al., 1984; Sadhuram and Rao, 1998; Swapna and Kumar, 2002; Izumo et al. 2008; Levine and 

Turner, 2011; Seetha et al., 2020). Figure 4.4 presents the composite of vertically integrated 

moisture transport (VIMT, kg m-1 s-1) over WC, CI, NCI and NER during EREs in the 

southwest monsoon period. In the case of EREs over the WC, the VIMT shows its maximum 

value (> 375 kg m-1 s-1) over the central and eastern Arabian Sea, including the southwest coast 

of the Indian peninsula. The moisture transport during these extreme periods is westerly; 

therefore, it is conducive for surplus rainfall over the SWC regions of the Indian subcontinent. 
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Lakhmi et al. (2019) also reported that the persistent presence of high VIMT leads to EREs. 

Rathna et al. (2016) also reported that the reduced moisture led to deficit rainfall over the 

Western Ghats (WG) from 2003 to 2012 due to the reduction in the LLJ at 850 hPa. Therefore, 

the moisture supply towards the continents during the extreme events over the SWC regions is 

distinct in Figure 4.4. Similarly, the spatial pattern of the flow of moisture transport during 

extreme events over CI is almost similar to that of the WC. However, the magnitude of the 

moisture transport is less during the CI extreme events. Two peaks of VIMT are observed on 

the spatial domain; one is over the central Arabian Sea, and the other is over the north BoB, 

including the central Indian land mass. This high amount of moisture leads to extreme events 

over there. The moisture is directed from the Arabian Sea to peninsular India, especially over 

CI, which is almost like the pattern seen during the active monsoon period, as discussed in the 

low level circulation section. 

However, in the case of NCI and NER, the spatial structure of moisture transport is almost like 

the break or active to break transition periods of the intraseasonal oscillation of the southwest 

Figure 4.4: Composite of vertically integrated moisture transport from the surface to 

300 hPa (kg m-1 s-1) during extreme rainfall events over the four selected regions. 
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monsoon. In the case of NCI, the moisture transport shows two pathways after splitting it from 

the Arabian Sea; one goes to the southern tip of peninsular India, and the other goes through 

north India. This north Indian component favours the excess rainfall over the NCI, even though 

the magnitude of the moisture is lower compared to the west coastal and central Indian regions, 

which is consistent with the rainfall during the extreme events, as shown in Figure 4.1. The 

amount of rainfall in the NCI is lower when compared with the rainfall in the WC and central 

Indian regions. The primary source of moisture in the NCI is also from the Arabian Sea, as 

depicted in Figure 4.4 (left bottom). Similarly, the moisture transport during extreme events in 

the NER is high over the central Arabian Sea and north BoB, including the NER of the land 

mass. The value of VIMT exceeds 600 kg m-1 s-1 during extreme events over the NER; therefore, 

it supplies abundant moisture from the BoB. Moreover, the flow pattern is also dominant with 

westerly regimes, as explained in low level circulation patterns. In general, the VIMT is  

Figure 4.5: Spatial structure of low level moisture convergence at 925 hPa (upper panels, 

× 10-7 kg m-2 s-1) along with vertically integrated moist static energy (bottom panels, × 102 

K J kg-1) during the extreme rainfall events in the southwest monsoon period. 
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abnormally high in places of extreme rainfall, and the primary source of moisture to the WC,  

CI, and NCI regions is the Arabian Sea; however, it is the BoB in the case of NER.  

 The low level moisture convergence at 925 hPa is also consistent with the regions of the EREs 

over the Indian subcontinent (Figure 4.5 upper panels) because during periods of EREs, the 

LLJ creates convergence in the atmospheric boundary layer. In the SWC, the core zone of the 

low-level moisture convergence is observed north of the LLJ core. As explained earlier, the 

LLJ hit the WG directly on the windward side of the WG, which is enough to supply abundant 

moisture to the region. The maximum convergence is observed over the CI, NCI and NER, 

with a slight spatial shift in the core location of the convergence zone. However, strong 

convergence is apparent in the ERE regions. Generally, an axis of convergence is distinct over 

the monsoon core zone (MCZ) with slight variations in intensity concerning the regions of 

extreme rainfall. The bottom panel of Figure 4.5 is the vertically integrated moist static energy 

(VIMSE, K J kg-1) during the EREs to indicate the measure of moist convection and latent heat, 

and the MSE anomalies are also approximately in phase with precipitation (Maloney, 2009; 

Kiranmayi and Maloney, 2011).  Here, the VIMSE is used to explore the dynamics of extreme 

events in the different regions of the Indian subcontinent during the summer monsoon season. 

The VIMSE shows high values during EREs in all the regions, as shown in the figure. The 

spatial pattern of the VIMSE is almost similar to the spatial pattern of the moisture convergence 

at the surface level, which indicates the convective activity as evidenced by the high values of 

moist static energy. The extreme events over the SWC regions are less convective than other 

regions because the moisture pumping to the WC is mainly through the core of LLJ and the 

orographic uplift of moisture after impinging the WG.  However, in the NER, the values of 

VIMSE are higher; therefore, the degree of convection is higher than that of the WG. Kumar 

et al. (2014) stated that the clouds are shallower over the WG and deeper over the northeastern 

regions (especially over the Myanmar coast), hence the changes in the intensity of rainfall as 

manifested by the values of VISME. The maximum values of VISME coincide with the regions 

of EREs, except over the southwest coast, attributed to the flow of moisture-laden LLJ to the 

region.   

4.6 Lead Lag Composites of Humidity and Vertical Velocity 

To explore the role of humidity and vertical wind at different vertical levels during, before and 

after the EREs, the study analyzed these parameters during ±10 days of the event (Figure 4.6). 

It is found that the two zones of anomalous specific humidity can be seen at lower levels, 
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around 850 hPa and at 500 hPa, over the SWC regions, indicating the surplus moisture in lower 

and middle levels (Figure 4.6 top panels). The specific humidity is about 2 g kg-1 higher than 

the climatological values in these two vertical levels; however, these high values persist only 

during EREs. Moreover, abnormal values of specific humidity are not sufficiently intense to 

produce an extreme event compared to other homogeneous regions. In general, the moisture 

over these regions is high, as seen in Figure 4.4; therefore, a slight increase in the moisture 

leads to abnormal rainfall over these regions, and it will amplify the characteristics of the WG. 

The WG regions are characterised by complex topography ranging from zonally oriented 

coastal planes to high mountain peaks in the WG (Venkatesh and Jose, 2007; Revadekar al., 

2018).  The moisture-laden low level westerlies ascent after impinging the mountain ranges, 

Figure 4.6: Lead-lag composite of the vertical cross-section of anomalies of specific hu-

midity (g kg-1) and vertical velocity (× 10-2 Pa s-1) over the west coast, central India, 

north central India and northeast regions. The zero value in the x-axis indicates the 

day of extreme events, and negative (positive) values indicate the parameters' evolu-

tion (dissipation) features. 
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which lie perpendicular to the flow pattern of the monsoon LLJs (Joseph and Sijikumar, 2004), 

and it causes rigorous vertical motion, as seen in Figure 4.6 (bottom panels). In the SWC, the 

upward vertical velocity (negative values) is high during the extreme rainfall day, extending 

from the surface to 300 hPa level, indicating a strong updraft of the clouds that leads to heavy 

precipitation in the WG regions. Similarly, the NER is enriched with moisture from the nearby 

waterbodies, the BoB and the Arabian Sea. Therefore, a slight enhancement in the moisture 

leads to surplus moisture enrichment and heavy rainfall when accompanied by the vertical 

updraft, as seen in the figure. The mid-level moisture enhancement is observed almost four 

days ahead of the extreme events and lasts about 10 days even after the extreme. The vertical 

velocity begins to increase from about 6 days before the event at the mid-levels (about 500 

hPa), and it reaches its peak during the extreme event with an intense upward vertical velocity 

(> 7 Pa s-1) registered from the surface to about 300 hPa.  

In the case of CI and NCI, the specific humidity and vertical velocity distributions are entirely 

different from those of the SWC and NER. The specific humidity anomalies over the CI and 

NCI regions are found to be high, almost three times more than those of the SWC and NER 

regions. As seen earlier, the vertically integrated moisture flux is less over these regions; 

therefore, an abnormally high amount of moisture is needed to produce an extreme rainfall 

event. In both these regions, the specific humidity is maximum at lower levels (850 hPa), 

gradually decreasing to higher altitudes; it shows a secondary maximum at about 500 hPa, and 

this secondary peak is evident in all the regions. However, the low level vertical velocity over 

CI regions is not so strong except during the extreme rainfall day. It is more interesting to note 

that a dominant zone of downdraft is recorded at about 850 hPa, but updraft is much higher at 

higher levels, from about 800 hPa. This kind of downdraft is not visible in the NCI, and a 

vertical velocity peak is observed at the higher levels (400 hPa). Therefore, it can be concluded 

that specific humidity and vertical velocity are the prime factors for the EREs in CI and NCI 

regions. In general, the extreme events in the SWC and NER are when the vertical velocity is 

supported by specific humidity; however, in the CI and NCI, EREs occur when the vertical 

velocity is supported by specific humidity. 

This study systematically explored the dynamical features of regional EREs in the Indian 

subcontinent during the summer monsoon period from 1951 to 2015. It has been found that the 

long term trends of EREs are heterogeneous over the subcontinent. However, there is regional 

homogeneity in trends, and those regions are identified, and their dynamical characteristics 
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unravelled before, during, and after the EREs. This kind of study has not been conducted earlier 

in this region. Therefore, it is essential to understand the atmospheric circulation features, 

humidity distribution, and vertical velocity features before, during and after the EREs. The 

study of EREs and their dynamics has several critical applications. Understanding the dynamics 

of EREs can help in developing effective flood management strategies. Flood-prone areas can 

be identified by analysing the trends, frequency, and intensity of EREs for taking appropriate 

measures to alleviate the impact of floods. By studying the dynamics of EREs, farmers and 

water resource managers can develop better water management and crop planning strategies.  

Engineers can design suitable infrastructure better equipped to withstand EREs by 

understanding their spatial characteristics and dynamics. Moreover, scientists can develop 

better models to predict future extreme weather events and help communities plan disaster 

preparedness in the changing climate. This information can be used by insurance companies, 

emergency management agencies, and many other stakeholders to develop risk management 

strategies and prepare for extreme weather events. 

4.7 Chapter Summary 

Spatial patterns of EREs (rainfall exceeding the 99th percentile) over the Indian subcontinent 

and their dynamic features were analysed during the southwest monsoon period from 1951 to 

2015. It is found that the spatial trend shows apparent differences in the mean and extreme 

rainfalls. The EREs show an increasing trend in the north and a decreasing trend in the south 

of the west coastal regions. Similarly, north central and central Indian regions show contrasting 

rainfall trends during the extremes. Based on the spatial trends, four regions were selected to 

explore the underlying dynamics of the EREs during the southwest monsoon period. The SWC, 

NCI and NER show negative trends among the selected regions, but the trend is positive for 

the CI regions. 

The circulation features at 850 hPa reveal distinct differences over different regions. The SWC 

regions show that the wind is at its maximum on the day of the extreme event, and the wind 

speed reaches more than 19 ms-1 over the Arabian Sea. The wind strength increases rapidly 

before the event but dissipates gradually after the event. During the extreme period, the 

moisture-laden wind directly hits the western coastal regions; therefore, the high moisture 

transport leads to heavy rainfall. In the case of central India, the wind core is located over the 

Arabian Sea and extends to central India, and the same can also be observed in the moisture 

transport and, thus, the rainfall. The NCI and NER show relatively weaker winds and moisture 
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transport at 850 hPa. During the extremes in the NCI, the LLJ core splits into two, and the 

northern branch causes the extreme event; however, in the NER, the wind shows westerly 

regimes over the areas of the extreme rainfall event.  

From the moisture transport analysis, it can be inferred that the prime moisture source for the 

extreme events over SWC, CI, and NCI is the Arabian Sea; however, for the NER, the prime 

source is the BoB. The RV also shows positive regions over the extreme rainfall event, 

indicating low level convergence. This low-level convergence is also confirmed based on low-

level moisture convergence. The vertically integrated moist static energy shows high values in 

the regions of extreme rainfall in consensus with moisture convergence at 1000 hPa. The 

evolution and dissipation of the moisture and vertical velocity from the lead-lag vertical cross-

section indicate the uniqueness of the individual regions. The SWC and NER regions are 

climatologically moisture abundant; any slight increase in the vertical velocity will lead to 

heavy rainfall associated with high upward motion of moisture. However, the CI and NCI show 

high moisture over the entire atmospheric column, along with high updrafts during EREs. 

The next Chapter presents the selection of the best CMIP6 GCM models to simulate SASM 

rainfall and their characteristics in simulating SASM mean and extreme rainfalls.  
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CHAPTER 5 

CHARACTERISTICS OF SUMMER MONSOON EXTREME RAINFALL 

EVENTS BASED ON CMIP6 HISTORICAL SIMULATIONS 

5.1 Introduction 

The South Asian regions frequently encounter extreme rainfall events during the summer 

monsoon season that can potentially cause property damage, environmental harm, and even 

fatalities. Therefore, it is essential to comprehend how these events are evolving and may 

change in the future, particularly for developing countries in the region due to their low 

adaptive capacity as a result of geographical as well as socio-economic features. Identifying 

and assigning responsibility to key factors influencing potential shifts in South Asian summer 

monsoon rainfall is essential for developing effective adaptation policies across various sectors 

in response to climate change. It is essential to confirm how well the global climate models 

(GCMs), mainly used to create projections, realistically simulate the rainfall extremes in these 

regions. This study utilised selected models from the Coupled Model Intercomparison Project 

Phase 6 (CMIP6) to evaluate the intensity of extreme rainfall events and their percentage 

contribution to seasonal rainfall during the historical period (1950–2014) across South Asian 

regions during the summer monsoon season. Rainfall simulations from the CMIP6 models were 

evaluated against the observational gridded rainfall data from the Climatic Research Unit 

(CRU).  

5.2 Validation and Selection of Models 

In the present study, the selection of the most suitable models for the historical simulation of 

SASM rainfall is effectively conducted by assessing the performance of the 53 CMIP6 models 

(refer to Chapter 2 section 2.1.2) in replicating the annual cycle of SASM rainfall, followed by 

Taylor diagram analysis. The monthly rainfall dataset of models is chosen according to the data 

available for the historical period (1950–2014). Since the resolution of each GCM is different, 

all GCM model data and CRU observational data were re-gridded to a common 1.5° latitude × 

1.5° longitude spatial resolution before performing the validation.   

5.2.1 Annual Cycle of Rainfall 

In this research, the ability of CMIP6 GCM models was assessed in comparison with CRU 

rainfall data to check whether they were successful in reproducing the characteristics of 

summer monsoon rainfall over the Indian subcontinent in the historical period. It is necessary 
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to compare the simulated rainfall to observational data while taking both temporal and spatial 

perspectives. A homogenous region in central India between latitude 19–26°N and longitude 

75–85°E is considered to validate and subsequently choose the best simulating models from 

CMIP6 that reproduce the characteristics of SASM mean rainfall and extremes. The annual 

cycle of rainfall (multi-year averaged monthly variation in rainfall) of all 53 CMIP6 models, 

the Multi-Model Ensemble (MME) of the models, and the CRU gridded observational rainfall 

data are compared to see the seasonality of the rainfall for the historical period and is shown in 

Figure 5.1. The thick black line represents the annual rainfall variation of observational CRU 

data. The thin coloured lines represent different models, and the thick red line represents their 

MME. In the figure, it is clear that all the models predict rainfall to be at its lowest from January 

to May and show a marked increase in June as the southwest monsoon begins, then persists till 

September and again decreases. This suggests that almost all models exhibit a seasonal pattern 

of rainfall that peaks between July and August that is consistent with observational data, as was 

also noted by Zhai et al. (2020) and Banerjee and Singh (2022) in their examinations of the 

CMIP6 models. It was found that CMIP6 simulations have more robust accuracy than CMIP5 

for climate parameters, especially rainfall (Zhai et al., 2020). However, it was seen that while 

some models overestimated the observed SASM rainfall intensity, many of them 

underestimated it. Two of the models, i.e., INM-CM4-8 and INM-CM5-0, are highly 

overestimating the seasonal rainfall by 41% and 24%, respectively. 49 models are 

underestimating the CRU data, of which GISS-E2-2-G, GISS-E2-1-G, GISS-E2-1-G, GISS-

E2-2-H, CanESM5, ACCESS-ESM-15, ACCESS-CM2, and FGOALS-g3 are the most 

underestimated, disproving them for further analysis. The overestimation of INM models and 

the underestimation of Canadian models in capturing ISMR seasonal variation are proved by 

Katzenberger et al. (2021). 

Additionally, compared to the CRU data, the yearly variation of MME underestimates the 

summertime rainfall pattern, demonstrating the inadequacy of all models in capturing 

seasonality. The CRU data peaks at 11 mm day-1, while MME is at 7.5 mm day-1. Gupta et al. 

(2020) have noted the sizeable intermodel spread and uncertainty in the CMIP6 models' ability 

to simulate the ISMR. Li et al. (2021) observed that the simulation effect of CMIP6 for total 

rainfall in South Asia is slightly worse than that of CMIP5. They claim that the simulation of 

total rainfall in CMIP6 does not generally outperform CMIP5, and its performance varies 

regionally. Wang et al. (2020) demonstrated the biases in the MME simulation by comparing 

the summer monsoon rainfall of the Global Rainfall Climatology Project (GPCP) with several 
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CMIP6 models. It has been suggested by Kumar and Sarthi (2021) that the large model-to-

model spread in rainfall on a sub-seasonal scale over the Indian landmass may be caused by 

variations in the strength and location of lower and upper-level winds, which in turn affect 

moisture incursion from the Arabian Sea and the Bay of Bengal (BoB). Therefore, a more 

accurate depiction of moisture circulation is needed in the models under consideration to limit 

and resolve the significant variability in the simulated rainfall compared to the actual rainfall. 

Therefore, to screen the models better at capturing the ISM rainfall patterns during the 

southwest monsoon period in the central Indian region, all the models were shortlisted that fell 

within the range of ±2 standard deviations of the observational data (Figure 5.1). This is done 

to select the most encouraging models for additional study and to prevent overestimating and 

underestimating models at the next level. Even though the seasonal changes are captured 

differently by each model, 22 models fell within the ±2 standard deviations of the observational 

CRU data. Thus the 22 models Qualified for further analysis are EC-Earth3, EC-Earth3-

 

Annual cycle of rainfall 

CRU 

Figure 5.1: The annual cycle of rainfall over central India (19°–2 6°N, 75°–85°E) for the 

53 CMIP6 models along with their multimodel ensemble (MME) and observational 

rainfall data (CRU) for the historical period (1950-2014). The thin lines represent the 

various models, and the thick black line and red line in the plot represent the MME and 

CRU data, respectively. The precipitation within ±2 standard deviation of the CRU data 

is represented as the shaded portion. 
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AerChem, EC-Earth3-CC, EC-Earth3-Veg, EC-Earth3-Veg-LR, MIROC-6, NorESM2-MM, 

IPSL-CM6A-LR-INCA, IPSL-CM6A-LR, CIESM, FIO-ESM2, CESM2-FV2, CESM2-

WACCM, CESM2-WACCM-FV2, SAM0-UNICON, CESM2, E3SM-1-1, MPI-ESM1-2-LR, 

CMCC-CM2-SR5, CMCC-ESM2, AWI-CM-1-1-MR and NESM3.  

5.2.2 Taylor Diagram Analysis 

The Taylor diagram analysis is conducted by taking the 95th percentile of the monthly averaged 

summer monsoon rainfall (mm day-1) of the chosen 22 models against the observational data 

over the historical period (Figure 5.2). This is to ensure the consistency of the results presented 

in the seasonality study and to pick the most accurate models with spatial patterns that are most 

similar to the observational dataset in simulating the 95th percentile of summer monsoon 

rainfall. The figure compares the normalised standard deviation and pattern correlation values 

of the models and observation data. 

Most of the models were found within the range of correlation coefficients of 0.8 and 0.9. 

Relatively poor performances were seen in the FIO-ESM-2-0, CMCC-ESM2, CMCC-CM2-

SR5, CIESM, and MPI-ESM1-2-LR CMIP6 models. From the Taylor diagram, the models 

with correlation coefficients greater than 0.8 and normalised variance between 0.9 and 1.1 were 

screened (Figure 5.2) for further study. Based on this, five models were selected for the 

historical simulation of SASM mean and extreme rainfalls: EC-Earth3, EC-Earth3-AerChem, 

EC-Earth3-CC, EC-Earth3-Veg, and NorESM2-MM.  

Previous studies also highlighted the excellent simulation quality of NorESM2-MM and EC-

Earth models in projecting ISMR (Prodhomme et al., 2016; Katzenberger et al., 2021; Zhang 

et al., 2021; Mitra, 2021; Chen et al., 2022). EC-Earth is an atmosphere-ocean coupled general 

circulation model (GCM) based on the seasonal forecasting system from the European Centre 

for Medium-Range Weather Forecasts (ECMWF). EC-Earth3 is the model's third generation 

and is the basic standard-resolution atmosphere-ocean physical model configuration whose 

version 3.3 is used for CMIP6 experiments. Eight different configurations of EC-Earth3 are 

used for various scientific purposes. The EC-Earth3 configurations include model elements for 

numerous physical domains and system elements that describe the atmosphere, ocean, sea ice, 

land surface, atmospheric composition, dynamic vegetation, ocean biogeochemistry, and the 

Greenland Ice Sheet. EC-Earth3 standard configuration consists of the atmosphere model IFS 

(Integrated Forecast System), which includes the land surface module HTESSEL (Hydrology 

Tiled ECMWF Scheme of Surface Exchanges over Land), and the ocean model NEMO3.6 
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(Nucleus for European Modelling of the Ocean- revision r9466), which includes the sea ice 

module LIM3 (Louvain-la-Neuve Ice Model - Improved form of LIM3.6 taking into account 

the differences in albedo and temperature among the sea ice categories in each grid point). The 

OASIS3-MCT coupler, a project to create general coupling software, transmits coupling 

variables between the various component models. The physical interfaces are specified by 

describing the variables exchanged and the algorithms utilised. There are 27 partners in the 

EC-Earth consortium, located in 10 different European nations. (Döscher et al., 2022). The 

Norwegian Earth System Model version 2 medium resolution (NorESM2-MM) is the second 

generation of the coupled Earth System Model (ESM) developed by the Norwegian Climate 

Center. NorESM employs the isopycnic coordinate Hamburg Ocean Carbon Cycle 

(iHAMOCC) model in conjunction with the Bergen Layered Ocean Model (BLOM) to 

simulate ocean biogeochemistry. A separate atmospheric aerosol module is also used. The 

physics and dynamics of the atmospheric component have also undergone particular 

modifications and tunings in NorESM2. The description of aerosols and their connection to 

clouds and radiation has undergone specific advancements (Seland et al., 2020). Further 

analysis of the extreme rainfall events during the southwest monsoon season and their 

contribution to seasonal rainfall was done on these selected five models. 

Figure 5.2: Taylor diagram of 95th percentile of summer monsoon rainfall over the 

central India region (19°-26°N, 75°-85°E) for the historical period (1950-2014) of the 

22 CMIP6 models with reference to observational CRU rainfall data. 

CRU 
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The selected models EC-Earth3, EC-Earth3-AerChem, EC-Earth3-CC, EC-Earth3-Veg, and 

NorESM2-MM are denoted in the remaining portions of the thesis and in figures as EC-Earth, 

EC-EarthAC, EC-EarthCC, EC-EarthVeg, and NorESM, respectively, for convenience. 

5.3 Historical Simulations 

5.3.1 Climatology of ISMR 

The climatology of the summer monsoon seasonal rainfall for the historical period from 1950 

to 2014 for the five selected CMIP6 models and CRU observational data is given in Figure 5.3. 

All the models exhibit almost similar spatial variability to the observational rainfall. The 

intensity of the rainfall is at its maximum with >10 mm day-1 in most regions of the west coast, 

the Himalayas and their foothills, and the northeast. It also crosses more than 15 mm day-1 in 

the central and eastern Himalayas in the NorESM model. Mean rainfall of 5 to 10 mm day-1 is 

observed in the central Indian region. Just like CRU, the low rainfall of <5 mm day-1 in the 

northwestern and southeast regions is also captured by all models.   

Compared to the NorESM model, the EC-Earth models are good at capturing rainfall in the 

west coast regions, with better performance by EC-EarthAC, followed by EC-EarthVeg and 

EC-EarthCC. However, all the EC-Earth models underestimate the northern parts of the west 

coast, the coastal regions of Maharashtra, by about 5 mm day-1. NorESM underestimates the 

rainfall by 5 mm day-1 in the entire coastal areas of the west coast and, at the same time, slightly 

overestimates the rainfall in the rain shadow regions close to the Western Ghats. NorESM more 

successfully captures the central Indian region's seasonal rainfall than EC-Earth models, 

although slight underestimation is seen in the western and northwestern regions of central 

India, just like what is observed in EC-Earth models. EC-EarthVeg and EC-EarthCC models 

performed well in the central Indian region when compared with other EC-Earth models. All 

the models have to be improved to capture the increased summer monsoon rainfall in the 

transition regions of semi-arid to monsoon core areas in the western regions of central India, 

especially in northwestern India and also in the rain shadow regions of the northern west coast. 

All EC-Earth models are performing almost similarly in the Himalayan and northeastern 

regions, underestimating a 5 mm day-1 rainfall in the Meghalaya areas. All models capture the 

western Himalayan and foothill regions well; however, models do not perfectly simulate the 

rainfall area extended to the Jammu region. All EC-Earth models slightly overestimate the 

central Himalayan region’s rainfall (<5 mm day-1) and significantly overestimate the eastern 

Himalayan regions (about 10 mm day-1) almost equally, whereas the NorESM Model’s 
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estimation shows a >10 mm day-1 overestimation with CRU in these regions. NorESM almost 

closely represents the northeastern region's southwest monsoon rainfall close to the 

observation. The models also underestimate the rainfall intensity in the coastal Myanmar region 

close to the northern BoB. 

In conclusion, models successfully simulate the mean rainfall features like maximum rainfall 

zones (southwest coast, central and north-central India, northeast, and the foothills of the 

Himalayas) and minimum rainfall zones (arid and semi-arid regions in the north of India, and 

monsoon shadow regions of southeast India). In addition to the spatial structure, the selected 

models also satisfactorily capture rainfall amounts during the southwest monsoon period. 

5.3.2 Spatial Distribution of 95th Percentile of Rainfall 

An extreme rainfall event over the study area is defined in terms of the 95th percentile of the 

rainfall over the historical period 1950–2014. In this phase of the study, monthly rainfall data 

is collected from CMIP6 GCM models and CRU. Setting a higher percentile, such as the 99th 

percentile, as the threshold already utilized in the physical and dynamical analysis of extreme 

Figure 5.3: Climatology of rainfall (mm day-1) for the five selected CMIP6 models 

and CRU for the historical period of 1950–2014. 

      CRU                EC-EarthVeg                                                      NorESM                                                               CRU 

                  EC-Earth                                                         EC-EarthAC                                                      EC-EarthCC 
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rainfall, may result in insufficient data values for analysis. This could potentially lead to 

erroneous inferences. If the rainfall in a grid reaches or exceeds this threshold (≥ 95th percentile) 

value, it is considered an extreme rainfall event. Figure 5.4 represents the 95th percentile of 

summer monsoon rainfall for the selected five CMIP6 models and CRU data. It is noted that 

the 95th percentile has high values of rainfall (>20 mm day-1), similar to observational data in 

the West Coast, Northeast, and central and eastern Himalayan regions. Moderate values (15 to 

20 mm day-1) are observed in central India. Very low values (<10 mm day-1) are registered in 

the northern Jammu, Kashmir, and Ladakh regions, and even less than 5 mm day-1 in some 

areas of the southeast monsoon trough and northwest arid regions, where the average rainfall 

values are negligibly small.  

The EC-Earth models satisfactorily simulate the 95th percentile over the southern west coast 

regions, with a slight overestimation, and the NorESM model exhibits an underestimation of 

approximately 5 mm day-1. On the northern west coast, EC-Earth models indicate an 

overestimation of >10 mm day-1 around 18˚N in the coastal area. While EC-EarthAC and  EC-

Figure 5.4:  95th percentile of rainfall (mm day-1) for the 5 CMIP6 models and CRU for 

the historical period of 1950–2014. 

      CRU                EC-EarthVeg                                                      NorESM                                                               CRU 

                  EC-Earth                                                        EC-EarthAC                                                     EC-EarthCC 
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EarthCC models successfully replicate the increased threshold over the northern west coast in 

the Gujarat region, the EC-Earth and EC-EarthVeg models are unable to project the same. The 

EC-Earth models, particularly EC-EarthCC, demonstrate accurate projections of the central 

Indian threshold of the rainfall, with EC-EarthCC being the most reliable, followed by EC-

EarthAC and EC-EarthVeg. In the western part of central India, EC-EarthAC performs well, 

with EC-EarthCC following closely behind. The NorESM model achieves notable success in 

projecting the 95th percentile in the southern and western regions of central India despite an 

overestimation of rainfall by 5 mm day-1 on its eastern side. Additionally, the increased area of 

threshold extends to the northeastern region. 

The EC-Earth models exhibit superior performance in capturing the Himalayan regions 

compared to NorESM. However, most models tend to overestimate the rainfall threshold in the 

central and eastern Himalayan regions. EC-EarthAC provides a more accurate representation 

of the western and central Himalayan regions. On the other hand, NorESM demonstrates better 

simulation of the northeastern regions compared to the EC-Earth models. The threshold values 

in northwest and southeast India are consistent across all models and are closely aligned with 

CRU, particularly in the case of NorESM. Notably, the EC-Earth models display a slight 

decrease in threshold values in the southeast regions, particularly in the Madurai coast regions 

of Tamil Nadu and the southern coastal regions of Andhra Pradesh. 

5.3.3 Spatial Pattern of Extreme Rainfall 

Extreme rainfall, defined as rainfall exceeding the 95th percentile threshold value, is depicted 

in Figure 5.5 for the chosen models along with the CRU data. The spatial distribution pattern 

of extreme rainfall intensity closely resembles that of the 95th percentile but with higher values. 

The model’s simulations have a similar pattern to the observational data, and they efficiently 

captured the extreme rainfall amount in the monsoonal regions, including central India (15 to 

20 mm season-1), the southern and central west coast (>25 mm season-1), and the northwestern 

Himalayan regions (15 mm season-1). Models also succeeded in capturing the extreme rainfall 

over non-monsoonal regions like northwest and southeast India.  

On the West Coast, all EC-Earth models exhibited similar performance in estimating extreme 

rainfall in the southern regions, with satisfactory results. However, a slight overestimation was 

observed in the northern coastal regions around 18˚N. As discussed in the context of the 95th 

percentile threshold, EC-Earth models did not adequately capture the intensified extremes in 

the southern Gujarat regions. In contrast, NorESM slightly underestimated extremes over the 
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west coast, with a decrease of about 5 mm season-1 in the southern regions and a more 

significant underestimation exceeding 10 mm season-1 in the northern regions. 

All EC-Earth models project central Indian rainfall extremes almost equally and in line with 

CRU. EC-EarthAC, in particular, captures the increased area extension of extreme rainfall to 

the semi-arid regions in northwestern India more accurately. Notably, all EC-Earth models, 

except the basic EC-Earth model, exhibit a 5 mm season-1 increase in extreme rainfall in the 

Odisha regions of central India. However, EC-Earth underestimates extremes in the 

southwestern portions of central India, a contrast to other EC-Earth models. In the NorESM 

model, there is an overestimation of central Indian extremes by more than 5 mm season-1 in the 

eastern parts, extending to northeastern regions, as observed in the 95th percentile simulation. 

Similar to the 95th percentile projection, all EC-Earth models simulated extreme rainfall very 

well in the western Himalayan regions, with a slight overestimation in the central and eastern 

Himalayan regions, and a slight underestimation in the Meghalayan regions. NorESM 

               EC-EarthVeg                                                        NorESM                                                            CRU 

                   EC-Earth                                                        EC-EarthAC                                                    EC-EarthCC 

Figure 5.5: Extreme rainfall amount (rainfall ≥95th percentile, mm season-1) for the five 

CMIP6 models and CRU for the historical period of 1950 –2014. 
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represents extreme rainfall in the northeastern regions more satisfactorily compared to EC-

Earth models. In the northwest and southeast Indian regions, extreme rainfall is neatly projected 

by all EC-Earth models, while NorESM shows an overestimation in the northern parts of 

southeast India. Additionally, NorESM indicates increased extreme rainfall in the rain shadow 

regions of the Western Ghats. The extremes of the northwest region are better represented by 

EC-EarthAC, followed by EC-EarthVeg and EC-EarthCC. 

5.3.4 Contribution of Extreme Rainfall to the Seasonal Rainfall  

In addition to the extreme rainfall amount, the study also analysed the percentage contribution 

of extreme rainfall to the seasonal rainfall during the historical period, as presented in Figure 

5.6. The contribution of extreme rainfall is greater (>20%) in northwest regions, where the 

rainfall corresponding to the 95th percentile has low values, and the seasonal rainfall is also 

negligible in these regions. The southeast rain shadow regions also exhibit a comparatively 

high percentage contribution of >12%, attributed to the low values of mean rainfall in the 

summer monsoon season. When compared with observational data, the EC-Earth models 

precisely project the contribution of extreme rainfall to the seasonal rainfall in the west coast, 

central India, Himalayan, and northeast regions. NorESM also presents the central Indian, west 

coast, and northeastern regions in a satisfactory manner. 

The most accurate representation of contribution in the southern west coast regions is provided 

by EC-EarthVeg. However, other EC-Earth models exhibit a >2% overestimation. The 

NorESM model, on the other hand, indicates a 2% underestimation in the southern west coast 

regions. For the northern west coast contributions, the NorESM model performs well, 

displaying a slight overestimation. Conversely, all EC-Earth models demonstrate a 4–6% 

overestimation in the northern west coast regions. Among the EC-Earth models, EC-EarthAC 

satisfactorily simulates the contribution of extreme rainfall in the eastern regions of central 

India, with a slight <2% overestimation. Following closely is EC-EarthVeg with a >2% 

overestimation. Additionally, EC-Earth models also show a 4–6% increased contribution in the 

western regions of central India. NorESM also simulates the contribution of extreme rainfall 

in the central Indian region, with a 2–4% overestimation; however, it overestimates 

contributions in the northwestern arid and semi-arid regions of the Indian landmass by up to 

8%. The EC-Earth models effectively simulate the Himalayan regions, with EC-EarthAC 

outperforming EC-EarthVeg. In contrast, NorESM tends to overestimate contributions in the 

western Himalayas, showing a 4–6% increase. The representation of extreme rainfall in the 
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Jammu, Kashmir, and Ladakh regions is accurate in the EC-Earth models, while NorESM is 

not adequate to represent the contributions over these regions. NorESM performs well in 

representing the northeastern regions; however, the EC-Earth models exhibit an almost 2% 

overestimation in the northeastern regions. 

5.4 Chapter Summary 

The selected models exhibited similar spatial patterns for mean and extreme rainfalls in the 

historical period when compared with observational CRU data. However, there are consistent 

regional biases across CMIP6 models, manifesting as overestimation and underestimation, 

particularly in monsoonal regions such as the West Coast, central India, the Himalayas and its 

foothills, and the northeastern regions. The EC-Earth models and NorESM demonstrated the 

ability to simulate central Indian seasonal rainfall quite well, although the spatial coverage of 

good estimation is somewhat reduced. The NorESM model outperformed EC-Earth models in 

simulating central Indian and northeastern regional seasonal rainfall patterns. In contrast, EC-

Figure 5.6: Percentage contribution of extreme rainfall to the seasonal rainfall for 

the five CMIP6 models and CRU from 1950 –2014.. 

             EC-EarthVeg                                                        NorESM                                                               CRU 

                  EC-Earth                                                        EC-EarthAC                                                               EC-EarthCC 
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Earth models excelled in capturing the west coast, particularly the southern region, and also in 

the western Himalayan regions.  

The EC-Earth models performed well in simulating extreme rainfall events in central India, 

whereas NorESM tended to overestimate the observational data. The EC-Earth models 

provided reasonable estimates for extreme rainfalls on the west coast regions, whereas the 

NorESM models exhibited a slight underestimation. The variabilities in extreme rainfall in the 

central and eastern Himalayan regions were not adequately captured by any models. However, 

the EC-Earth models effectively represented extreme rainfall in the western Himalayan region, 

while NorESM showed a slight overestimation. The models slightly underestimated extreme 

rainfall patterns in the northern west coast and northeast regions of India, as well as in the 

coastal areas of Myanmar. On the other hand, extreme rainfall in the northwest and southeast 

Indian regions was accurately projected by all EC-Earth models. 

Even though CMIP6 has evolved more than its older missions in capturing land-sea interactions 

and anthropogenic forcings, the complexity of land-sea interactions hinders the model’s ability 

to simulate the summer monsoon extreme rainfall features, especially over the northern west 

coast and northeast regions of the subcontinent. The coming chapter explores changes and 

variabilities in summer monsoon extreme rainfall using selected CMIP6 models during future 

projections. 
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CHAPTER 6 

CHANGES AND VARIABILITIES OF SUMMER MONSOON EXTREME 

RAINFALL EVENTS DURING FUTURE PROJECTIONS USING CMIP6 

MODELS 

6.1 Introduction 

India's economic growth, food and water security, social well-being, and prosperity are 

significantly influenced by the Indian Summer Monsoon Rainfall (ISMR) (Gusain et al., 2019). 

In the background of increased climate change in South Asia, this study examines significant 

spatiotemporal variations in extreme precipitation (≥95p) across the study region using 

Coupled Model Intercomparison Project Phase 6 (CMIP6) models under four different future 

warming scenarios, also known as Shared Socioeconomic Pathways (SSPs), for the period 

2015–2100. The Tier-1 SSP scenarios considered in the study are SSP1-2.6, SSP2-4.5, SSP3-

7.0, and SSP5-8.5. Using the selected models (EC-Earth, EC-EarthVeg, and NorESM), the 

study focuses on how future warming scenarios and socioeconomic changes between 2015 and 

2100 may affect the spatiotemporal pattern of extreme precipitation during the summer 

monsoon season compared to the historical period of 1950–2014. For a better insight into future 

changes, projection studies are also conducted for three distinct future periods: near-term 

(2015–2035), mid-term (2047–2067), and far-term (2079–2099).  

6.2 Validation and Selection of Models 

Coupled Model Intercomparison Project Phase 6 (CMIP6) models are validated and selected 

for the projection study as briefed in Chapter 5, Section 2. In the initial stage, models are 

evaluated based on their responses to the annual cycle of rainfall during the historical period 

spanning from 1950 to 2014. Subsequently, a Taylor diagram analysis is performed based on 

the 95th percentile of rainfall to ensure the consistency of the results and to identify the most 

accurate models exhibiting spatial patterns most similar to those of the observational dataset. 

In the historical projection (refer to Chapter 5, Section 5.3), all the selected models have 

performed well, with some flaws in capturing the extreme rainfalls in different climatic 

divisions differently. Due to the heterogeneous nature of the study area, no one has performed 

exceptionally well in capturing the minute details all over the study area. All EC-Earth models 

performed almost similarly in their historical projections. However, the EC-Earth3-AerChem 

and EC-Earth3-CC models could not be included in future analyses due to the unavailability 
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of data for future projections. Thus, the future analysis is conducted for models EC-Earth3, 

EC-earth3-Veg, and NorESM2-MM models. 

6.3 Future Projections 

The projected spatiotemporal changes in the future period for extreme rainfall during the 

summer monsoon season over the South Asian regions are analysed in this study. Along with 

the extreme rainfall, the projected changes in the seasonal rainfall, the 95th percentile of the 

seasonal rainfall, and the contribution of extreme rainfall to the seasonal mean are also 

validated for the future period of 2015–2100. For a detailed analysis and to get a better 

understanding, the future period is divided into three terms: the near-term future period (2015–

2035), the mid-term future period (2047–2067), and the far-term future period (2079–2099), 

and the characteristics of extreme rainfalls over these periods are also analyzed. Significant 

results are noted under the various scenarios, which reflect the possible effects of various SSPs 

on the summer monsoon rainfall extremes over the South Asian region. 

6.3.1 Projections of Extremes for the Period 2015-2100 

6.3.1.1 Seasonal Rainfall 

The projected seasonal mean of summer monsoon rainfall (mm day-1) for the future period 

(2015–2100) by the three selected models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and 

(iv) SSP5-8.5 scenarios are represented in Figure 6.1. The EC-Earth models project a 

significant change of 5 mm day-1 in future for seasonal rainfall on the west coast regions, 

southwestern regions of central India, and western Himalayan regions. These changes are 

evident in all scenarios, with the most pronounced effects observed in the SSP5-8.5 scenario 

followed by the SSP3-7.0 scenario. No noticeable changes are projected in the central and 

eastern Himalayan, northeastern, northwestern India, and southeastern India regions. When 

transitioning from the SSP1 to SSP5 scenarios in the EC-Earth models, the rainfall area in the 

southwestern regions of central India gradually increases and merges with the expanded rainfall 

area on the northern west coast. Additionally, the seasonal mean over the Odisha region shows 

an increasing trend during the transition from SSP1 to SSP5. In various scenarios, the rate of 

increase in seasonal rainfall over the central Indian regions is lower in EC-EarthVeg than in 

EC-Earth. 

On the other hand, NorESM anticipates a substantial rise in seasonal rainfall of 5mm day-1, 

limited to central India across all scenarios. This increase is notably pronounced in the eastern 

areas near the Odisha Coast, encompassing the states of Odisha, Chhattisgarh, and Jharkhand, 
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as well as the southwestern regions comprising Maharashtra, Karnataka, and the southern 

regions of Gujarat. The prominent shift in central Indian precipitation is most evident in the 

SSP5-8.5 scenario, and the expanded rainfall area extends to the upper Bay of Bengal (BoB) 
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Figure 6.1: The projected seasonal mean of summer monsoon rainfall (mm day-1) for 

the future period (2015-2100) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 

                 EC-Earth, SSP5-8.5                                                      EC-EarthVeg, SSP5-8.5                                                  NorESM, SSP5-8.5 

                  EC-Earth, SSP3-7.0                                                    EC-EarthVeg, SSP3-7.0                                                  NorESM, SSP3-7.0 

                 EC-Earth, SSP2-4.5                                                     EC-EarthVeg, SSP2-4.5                                                 NorESM, SSP2-4.5 

                 EC-Earth, SSP1-2.6                                                     EC-EarthVeg, SSP1-2.6                                                   NorESM, SSP 1-2.6 
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regions through the coastal area. A consistent increase in the projected mean is observed in the 

southwestern parts of central India across all SSPs. Furthermore, there is a 5mm day-1 increase 

in seasonal rainfall in the rain shadow regions in the southeast, particularly in its northern 

portions, leading to a reduction in the area of the rain shadow region in the future. Insignificant 

alterations are observed on the West Coast, and no noticeable changes are seen in other regions 

across all scenarios.  

6.3.1.2 95th Percentile of Rainfall  

The projected 95th percentile of summer monsoon rainfall (mm day-1) for the future period 

(2015–2100) by the three selected models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and 

(iv) SSP5-8.5 scenarios is given in Figure 6.2. The EC-Earth models project a significant 

increase of 5 mm day-1 in the 99th percentile threshold value in the western parts of central 

India, along with a slight increase in the eastern parts, particularly pronounced under the SSP5-

8.5 and SSP3-7.0 scenarios. These models also anticipate notable changes in the western 

Himalayas and southeastern coastal regions, with a slight increase in the northern west coast 

regions. The spatial enhancement in the central Indian and northern west coast regions results 

in a reduced rain shadow region in the southwest, characterized by a small threshold value for 

extreme rainfall. The EC-Earth models predict an elevated threshold of >5 mm day-1 in the 

central Himalayan regions across all scenarios, with the most pronounced effect observed in 

SSP5-8.5. Specifically, in the Odisha region, the EC-Earth models indicate a <5 mm day-1 

increase in the threshold value compared to neighbouring areas. This change is most visible in 

SSP3-7.0 and SSP5-8.5. However, in the case of EC-EarthVeg, such an increase is only noticed 

in SSP5-8.5. Neither model projects any remarkable change in the northwest semiarid regions 

or northeastern regions of the study area. 

According to NorESM projections, a significant increase of 5 mm day-1 is expected in central 

India, particularly under scenario SSP5-8.5, with increased intensity extending to the coastal 

regions of the upper BoB and also to the western regions. Additionally, there will be a slight 

increase on the west coast, especially in the northern regions, under scenario SSP5-8.5, creating 

a continuous zone of increased threshold with central India. A noteworthy increase in the 

western Himalayan region under scenario SSP1-2.6 is also observed. However, as observed in 

EC-Earth models, the projected increase in the threshold in the coastal regions of southeast 

India is not extensively present in NorESM, with an exception on the southern Andhra coast. 

The anticipated increase in the threshold value of 5 mm day-1 in the northwest semiarid regions 
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of India is expected in all scenarios, with the maximum area of coverage in SSP5-8.5. This 

model projection anticipates no appreciable change in the northeastern regions across various 

scenarios, except in SSP5-8.5. In this scenario, the northeastern region forms a continuous zone 

with the central Indian region, exhibiting an increased threshold. 
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Figure 6.2: The projected 95th percentile of summer monsoon rainfall (mm day-1) for 

the future period (2015-2100) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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6.3.1.3 Extreme Rainfall 

The projected extreme rainfall during the summer monsoon (mm season-1) for the future period 

(2015–2100) by the three selected models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and 

(iv) SSP5-8.5 scenarios are represented in Figure 6.3. The EC-Earth models project a 

significant increase in extreme rainfall, ranging from 5 to 10 mm season-1, for central India and 

the west coast regions. This trend is most pronounced in the SSP5-8.5 scenario, followed by 

the SSP3-7.0 scenario. The expanded area of extreme rainfall is primarily observed in the 

northern regions of the west coast and the southwestern areas of central India, making these 

regions more susceptible to the impacts of intense rainfall in the future. Additionally, the zone 

of extreme rainfall extends to the rain shadow regions behind the Western Ghats. Consequently, 

there is a notable reduction in the area of rain shadow regions in southeast India, with this effect 

being particularly prominent in the SSP5-8.5 scenario. The regional increase in extreme rainfall 

along the west coast shows a gradual progression from SSP1 to SSP5 in both EC-Earth models. 

However, the substantial spatial expansion of extreme rainfall in the rain shadow regions 

behind the Western Ghats is not anticipated in EC-EarthVeg. In comparison with EC-Earth, 

EC-EarthVeg demonstrates a significant increase in central Indian extremes under the SSP5-

8.5 scenario, despite a reduced projection of extremes in the SSP3-7.0 scenario. Additionally, 

the EC-Earth models exhibit a noticeable change of 5 mm in season-1 in the western and central 

Himalayan regions, with nearly equal effects across all scenarios. However, the EC-Earth 

models do not indicate any substantial changes in projections for the northeastern regions in 

the future. Furthermore, the northwest semiarid regional extreme rainfall is projected to 

increase in the future according to both EC-Earth models in all scenarios, showing similar 

trends. 

NorESM indicates a consistent rise in extreme rainfall, measuring less than 10 mm season-1, 

across both central India and the west coast regions when transitioning from SSP1-2.6 to SSP5-

8.5 scenarios. Along the east coast in central India, the expanded area experiencing increased 

extreme rainfall forms a continuum with the northeast region. The increased extreme rainfall 

region in central India extends to the northern west coast and makes a continuum with the west 

coast region also.  However, NorESM does not detect significant changes in the northwestern 

Himalayan and northeastern regions under any of the projected scenarios. In the southwest rain 

shadow regions, NorESM predicts a 5 mm season-1 escalation in extreme rainfall, affecting 

most areas but leaving a small region unaffected at the southeastern tip. Additionally, the model 
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anticipates a noteworthy 5 mm season-1 gradual increase in extreme rainfall in the northwest 

semiarid regions when progressing from SSP1 to SSP5. 
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                 EC-Earth, SSP5-8.5                                                      EC-EarthVeg, SSP5-8.5                                                  NorESM, SSP5-8.5 

                  EC-Earth, SSP3-7.0                                                    EC-EarthVeg, SSP3-7.0                                                  NorESM, SSP3-7.0 

                 EC-Earth, SSP2-4.5                                                     EC-EarthVeg, SSP2-4.5                                                 NorESM, SSP2-4.5 

                 EC-Earth, SSP1-2.6                                                     EC-EarthVeg, SSP1-2.6                                                   NorESM, SSP 1-2.6 

Figure 6.3: The projected extreme rainfall during the summer monsoon (mm season-1) 

for the future period (2015-2100) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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6.3.1.4 Contribution of Extreme Rainfall to the Seasonal Rainfall 

The projected percentage contribution of summer monsoon extreme rainfall to the seasonal 

rainfall for the future period (2015–2100) by the three selected models in (i) SSP1-2.6, (ii) 

SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios is depicted in Figure 6.4. The EC-Earth 
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                 EC-Earth, SSP5-8.5                                                      EC-EarthVeg, SSP5-8.5                                                  NorESM, SSP5-8.5 

                  EC-Earth, SSP3-7.0                                                    EC-EarthVeg, SSP3-7.0                                                  NorESM, SSP3-7.0 
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                 EC-Earth, SSP1-2.6                                                     EC-EarthVeg, SSP1-2.6                                                   NorESM, SSP 1-2.6 

Figure 6.4: The projected percentage contribution of extreme rainfall to the seasonal 

rainfall for the future period (2015-2100) by EC-Earth, EC-EarthVeg, and NorESM 

models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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models suggest a reduced contribution of approximately 4% in extreme rainfall on the west 

coast regions, most notably evident in SSP1-2.6 and then in SSP3-7.0 scenarios. Additionally, 

a 4–8% decrease is projected in central India regions, particularly in the coastal and inland 

areas of the upper Bay of Bengal (BoB), with the most noticeable effects observed in the SSP1-

2.6 and SSP2-4.5 scenarios. The northeast semiarid regions of India and the southeast rain 

shadow regions exhibit a 4–8% decrease in contribution in the future, with a relatively equal 

impact across all scenarios. While a more than 8% decrease is projected in the Ladakh area, 

the extreme rainfall contributions in the Jammu and Kashmir regions predict only a maximum 

4% decrease in these models. The Himalayan and northeastern regions also show a 4% 

decrease, approximately in all scenarios, with the most pronounced effects observed in SSP1-

2.6. 

The NorESM model also exhibits a decreased contribution of approximately 4% in the west 

coast regions across all scenarios, with less evident impact in the SSP1-2.6 scenario compared 

to others. The reduction in the central Indian contribution, exceeding 4%, is particularly notable 

in the Odisha region, extending to the coastal and inland areas of the upper Bay of Bengal. This 

spatial enhancement of decreased contribution is most pronounced in the SSP1-2.6 and SSP3-

7.5 scenarios. In the northern regions, including Jammu, Kashmir, and Ladakh, NorESM 

models indicate a decrease of >10% in extreme rainfall contribution compared to EC-Earth 

models. An anticipated >8% decrease is observed in the northwest semiarid regions of India, 

with a projected almost 8% decrease in the northeastern and Himalayan regions. The southeast 

rain shadow regions show a 4–8% decrease in the contribution of extreme rainfall in the future 

across all scenarios. 

6.3.2 Projections of Extremes in the Near-term 

6.3.2.1 Extreme Rainfall  

Figure 6.5 depicts the projected extreme rainfall during the summer monsoon (mm season-1) 

for the near-term (2015-2035) for the three models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-

7.0, and (iv) SSP5-8.5 scenarios. The EC-Earth models indicate significant increases in 

extreme rainfall intensity in various regions under different scenarios. Specifically, EC-Earth 

shows a noteworthy rise in extreme rainfall intensity in the western Himalayan region under 

the SSP1-2.6 scenario. Additionally, there is a substantial increase of 5 mm season-1 in the 

central Indian Odisha region under the SSP3-7.0 and SSP5-8.5 scenarios. In the west coast 

regions, a notable increase in extreme rainfall of 5 mm season-1 is only observed on the leeward 

side of the northern portions of the Western Ghats, most evident in SSP3–7.0. Slight changes 
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are also observed in northeastern regions under SSP2-4.5 and SSP1-2.6 scenarios, northwest 

arid and semiarid regions in all scenarios, with the maximum change projected in SSP5-8.5, 

followed by SSP2-4.5, and central Himalayan regions in SSP3-7.0. In comparison with EC-
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Figure 6.5: The projected extreme rainfall during the summer monsoon (mm season-1) 

for the near-term (2015-2035) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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Earth, EC-EarthVeg shows only slight changes on the leeward side of the northern west coast 

and western Himalayan regions in scenarios SSP3-7.0 and SSP1-2.6, respectively. 

Additionally, EC-EarthVeg projections for the central Indian region in the SSP1-2.6 and SSP2-

4.5 scenarios remain unchanged, exhibiting no remarkable deviation from historical data. 

However, there is a slight decrease in extreme rainfall intensity under the SSP3-7.0 and SSP5-

8.5 scenarios. Unlike EC-Earth, EC-EarthVeg demonstrates a slight increase in extreme rainfall 

in the northwestern semiarid regions, but only in the SSP3-7.0 scenario. No noticeable changes 

are observed in southeastern India or in the northeastern regions by the projections of EC-

EarthVeg under any scenario. 

Meanwhile, NorESM exhibits a substantial increase in extreme rainfall intensity, 

approximately 5 mm season-1, in the central Indian Odisha region under the SSP1-2.6, SSP2-

4.5, and SSP5-8.5 scenarios, in descending order. The northern west coast regions also 

experience a similar increase under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios. 

Furthermore, NorESM demonstrates a significant increase in the northwest Himalayas under 

the SSP1-2.6 scenario and a slight decrease in the SSP3-7.0 scenario. Appreciable changes are 

not projected in the southern west coast, northwest, and southeast regions of India, or in the 

northeastern regions. 

6.3.2.2 Contribution of Extreme Rainfall to the Seasonal Rainfall  

Figure 6.6 gives the projected percentage contribution of summer monsoon extreme rainfall to 

the seasonal mean for the near-term (2015-2035) for the 3 models in (i) SSP1-2.6, (ii) SSP2-

4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios. The contribution of extreme rainfall to the 

seasonal mean is projected to significantly decrease (>8%) in the northwest arid and semi-arid 

regions of India, including Gujarat, Rajasthan, Punjab, and Haryana. This trend is also observed 

in the northern regions of Himachal Pradesh and Ladakh, according to all models and scenarios 

in the near-term. This decrease can be attributed to the fact that these regions receive very little 

rainfall during the summer monsoon season. Similarly, a major decrease in contribution is 

noted in rain-shadow regions in the south. In the monsoonal regions of central India, the west 

coast, and the northeast, the models project a substantial decrease (<8%) in the near-term. 

Moreover, the decreased contribution becomes more pronounced in the inland regions around 

the upper Bay of Bengal (BoB). 
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In the EC-Earth model, a noticeable decline of approximately 8% in contribution is observed 

in the central Indian and Himalayan regions, particularly prominent in the SSP1-2.6 scenario. 
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Figure 6.6: The projected percentage contribution of summer monsoon extreme 

rainfall to the seasonal mean for the near-term (2015-2035) by EC-Earth, EC-

EarthVeg, and NorESM models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) 

SSP5-8.5 scenarios 
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On the west coast, the decrease is around 4%, equally noticeable across all scenarios except 

SSP3-7.0, where no significant change is projected around 17˚N. The diminished contribution 

of about 4% in the northern Jammu and Kashmir regions is projected consistently across all 

scenarios, most notably in SSP3-7.0. The marginal decrease in the northeastern region is also 

more pronounced in SSP3-7.0. In the northwest arid and semiarid regions, a substantial 

decrease is more evident in the SSP5-8.5 scenario. Similarly, the projected decrease in the 

southeast rain shadow region is more observable in the SSP5-8.5 scenario. EC-EarthVeg also 

projects a reduced contribution similar to EC-Earth in most regions, with some variations 

across scenarios. The central Indian and Himalayan regions show a more pronounced decrease 

of about 8%, primarily in the SSP3-7.0 scenario and then in SSP1-2.6. Insignificant changes 

are expected in the west coast regions. The reduced contribution in the northwestern regions is 

more notable in SSP1-2.6, followed by SSP3-7.0. In the northeastern regions, an insignificant 

decrease is most evident in SSP3-7.0, followed by SSP1-2.6. In the northern Jammu and 

Kashmir regions, changes are projected in all scenarios, most notably in SSP5-8.5. The 

southwest regional decrease is more pronounced in the SSP3-7.0 scenario. 

In NorESM, a noticeable decline in contribution is observed in the central Indian region, 

particularly prominent in the SSP5-8.5 scenario and subsequently in the SSP3-7.0 scenario. 

Additionally, the southern west coast region exhibits a 4% reduction in the contribution of 

extreme rainfall to the seasonal value, predominantly observed in the SSP1-2.6 and SSP3-7.0 

scenarios, respectively. The northwest regional decrease is most evident in the SSP1-2.6 

scenario. The northeast regional decrease is more pronounced in the SSP5-8.5 scenario and 

then in the SSP2-4.5 scenario. The projected decrease in the southeast region is equally 

significant in the SSP1-2.6 and SSP3-7.0 scenarios. 

6.3.3 Projections of Extremes in the Mid-term 

6.3.3.1 Extreme Rainfall 

Figure 6.7 gives the projected extreme rainfall during the summer monsoon (mm season-1) for 

the mid-term (2047-2067) for the three selected models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) 

SSP3-7.0, and (iv) SSP5-8.5 scenarios.  

EC-Earth projects an increase in the intensity of extreme rainfall of about 5 mm season-1 in 

central India, particularly expanding spatially towards the southern and western sides. The 

projected extreme rainfall gradually increases in these regions when transitioning from SSP1- 
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2.6 to SSP5-8.5. The projected extremes in the northwestern semiarid regions of India are 

depicted almost equally in all scenarios. No significant changes are expected in other regions. 

On the west coast, a slight increase is observed on the leeward side of the Western Ghats in 
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Figure 6.7: The projected extreme rainfall during the summer monsoon (mm season-1) 

for the mid-term (2047-2067) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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scenario SSP5-8.5. An insignificant increase is also noticeable in the northeastern region under 

SSP5-8.5. EC-EarthVeg projects a significant increase of >5 mm season-1 in the central India 

region, particularly in the Odisha area, with the most pronounced effects seen in the SSP3-7.0 

scenario. In the SSP5-8.5 scenario, the area with increased extreme rainfall is also expanding 

to the southwestern region, creating a continuum with the northern west coast. Both EC-Earth 

models anticipate a slight increase in precipitation in the western and central Himalayas across 

all scenarios. However, no significant changes are anticipated in other regions by EC-

EarthVeg, including the west coast, northwest India, southeast India, western Himalaya, and 

northeastern regions. 

NorESM predicts an increase in extreme rainfall exceeding 10 mm season-1 across all central 

Indian regions, with the increased precipitation area extending from the Odisha coast to the 

northern Bay of Bengal coastal regions and inland areas to the southwest. This is most 

prominent in the SSP1-2.6 and SSP5-8.5 scenarios. Additionally, NorESM anticipates a 

noticeable increase in extreme precipitation in the northern west coast region. A 5 mm season-

1 increase is also projected in the western Himalayas, particularly in the SSP1-2.6 scenario. The 

substantial increase in arid and semiarid regions in the northwest is more evident in the SSP5-

8.5 scenario. In contradiction to EC-Earth models, NorESM projects a 5 mm season-1 extreme 

rainfall increase in the southeast rain shadow regions in all scenarios, most notably in SSP3-

7.0 and SSP5-8.5. No significant changes are anticipated in the northeastern regions. 

6.3.3.2 Contribution of Extreme Rainfall to Seasonal Rainfall 

Figure 6.8 gives the projected percentage contribution of summer monsoon extreme rainfall to 

the seasonal mean for the mid-term (2047-2067) by the three selected models in (i) SSP1-2.6, 

(ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios. The expected percentage 

contribution in the mid-term resembles the projection pattern of the near-term, with the 

decreased contribution of extreme rainfall more pronounced in the northwestern and 

southeastern regions of India. In EC-Earth models, the decreased contribution of around 8% in 

the eastern parts of central India is particularly noticeable in SSP2-4.5, followed by SSP1-2.6. 

The regional coverage of the decreased contribution is higher in the mid-term compared to the 

near-term. The reduced contribution of extreme rainfall, as projected by EC-Earth models, 

reaches its maximum in the western part of central India and the northwestern semiarid part of 

India under SSP2-4.5 and SSP5-8.5 scenarios. A 4–8% decrease is estimated for the west coast 

regions in all scenarios. In the EC-Earth model, the regional decrease in projected extremes in 
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southeast India is more pronounced in SSP3-7.0, while in the EC-EarthVeg model, it is more 

evident in SSP5-8.5. Although the projected change in the northeastern region is not 
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Figure 6.8: The projected percentage contribution of summer monsoon extreme 

rainfall to the seasonal mean for the mid-term (2047-2067) by EC-Earth, EC-EarthVeg, 

and NorESM models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 

scenarios 
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significant, it is noticeable in the SSP1-2.6 scenario of the EC-EarthVeg model. 

In the NorESM model, the diminished contribution of extreme rainfall, approximately 4–8%, 

is most pronounced in SSP3–7.0. A 4% reduction in contribution is also observed in the 

NorESM model in the southern west coast regions under all scenarios. Changes in the west 

coast regions and southeast India are insignificant in all scenarios. The decreased contribution 

in the Jammu, Kashmir, and Ladakh regions is more noticeable in SSP3-7.0. The reduction in 

the northeastern region is also more evident in SSP3-7.0.  

6.3.4 Projections of Extremes in the Far-term 

6.3.4.1 Extreme Rainfall 

Figure 6.9 represents the projected extreme rainfall during the summer monsoon (mm season-

1) for the far-term (2079-2099) by the three selected models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) 

SSP3-7.0, and (iv) SSP5-8.5 scenarios. As projected by EC-Earth models, there is a significant 

increase of more than 10 mm season-1 in extreme rainfall in central India in SSP5-8.5, followed 

by SSP3-7.0 scenarios. Although the changes exhibit an ascending trend from SSP1-2.6 to 

SSP5-8.5, a substantial shift is observed in the higher warming scenarios as compared to SSP1-

2.6 and SSP2-4.5. EC Earth models also predict a more than 10 mm season-1 increase in the 

northern west coast regions for SSP3-7.0 and SSP5-8.5 scenarios; however, the changes in the 

windward side of the southern west coast are not noticeable. EC Earth models project a slight 

increase in the central and western Himalayan regions, particularly evident in SSP3-7.0 and 

SSP5-8.5. The slight change in the semiarid regions of northwestern India is also more 

pronounced in the SSP3-7.0 and SSP5-8.5 scenarios. It is noteworthy that the projections 

anticipate a 5mm season-1 in the southeastern rain shadow regions, and the area will become 

more prone to extreme rainfalls in the far future under higher warming scenarios such as SSP3-

7.0 and SSP5-8.5. EC-Earth also forecasts a slight change in the northeastern regions, 

noticeable only in the SSP5-8.5 scenario. 

The EC-EarthVeg model projections are nearly identical to those of EC-Earth, with only minor 

variations. In the top-warming scenarios, the intensification of extreme rainfall in the central 

Indian region is more pronounced in EC-EarthVeg, while spatial enhancement in the 

southeastern regions is more prominent in EC-Earth. NorESM also predicts a significant 

increase of 10 mm day-1 in extreme rainfall in the central Indian region under the SSP5-8.5 

scenario, followed by the SSP2-4.5 scenario. Moreover, an increase of only 5 mm season-1 is 

anticipated in the SSP1-2.6 and SSP3-7.0 scenarios. Similar to the EC-Earth models, NorESM 
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projects a more than 10 mm season-1 increase in the northern west coast regions for the SSP3-

7.0 and SSP5-8.5 scenarios. The model also anticipates a 5 mm season-1 increase in the 

northwest semiarid regions and southeast India. The northwest regional increase is present 

35˚N 
 

30˚N 
 

25˚N 
 

20˚N 
 

15˚N 
 

10˚N 

 
 

 
 

35˚N 
 

30˚N 
 

25˚N 
 

20˚N 
 

15˚N 
 

10˚N 

 

 

 
 

35˚N 
 

30˚N 
 

25˚N 
 

20˚N 
 

15˚N 
 

10˚N 

 

 

 
 

35˚N 
 

30˚N 
 

25˚N 
 

20˚N 
 

15˚N 
 

10˚N 

      70˚E   75˚E   80˚E   85˚E  90˚E  95˚E                             70˚E   75˚E   80˚E   85˚E  90˚E  95˚E                             70˚E   75˚E   80˚E   85˚E  90˚E  95˚E 

 

    0                   5                 10                15                20                25                30 

 

                         

                         

                         

  

                 EC-Earth, SSP5-8.5                                                      EC-EarthVeg, SSP5-8.5                                                  NorESM, SSP5-8.5 

                  EC-Earth, SSP3-7.0                                                    EC-EarthVeg, SSP3-7.0                                                  NorESM, SSP3-7.0 

                 EC-Earth, SSP2-4.5                                                     EC-EarthVeg, SSP2-4.5                                                 NorESM, SSP2-4.5 

                 EC-Earth, SSP1-2.6                                                     EC-EarthVeg, SSP1-2.6                                                   NorESM, SSP 1-2.6 

Figure 6.9: The projected extreme rainfall during the summer monsoon (mm season-1) 

for the far-term (2079-2099) by EC-Earth, EC-EarthVeg, and NorESM models in (i) 

SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 scenarios 
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almost equally in all scenarios; however, the southeast increase is not significant in SSP1-2.6. 

The NorESM model projects no significant change in extreme rainfall in the Himalayan and 

northeastern regions. 

6.3.4.2 Contribution of Extreme Rainfall to the Seasonal Rainfall 

Figure 6.10 presents the projected percentage contribution of summer monsoon extreme 

rainfall to the seasonal mean for the far-term (2079-2099) by the three selected models in 

(i)SSP1-2.6, (ii)SSP2-4.5, (iii)SSP3-7.0, and (iv)SSP5-8.5 scenarios. The expected percentage 

contribution in the far-term closely resembles the near- and mid-term projections. Notably, 

there is a significant decrease in contribution in the northwestern, northern, and southeastern 

regions. In EC-Earth models, a noticeable 4% reduction in contribution is observed in the 

southern west coast under SSP3-7.0 and in the northern west coast in EC-Earth under SSP1-

2.6. However, this trend is less visible in the upper Bay of Bengal coastal regions compared to 

other future terms. In the eastern part of central India, an 8% decrease is evident in EC-

EarthVeg under SSP1-2.6. In the western part of central India and the northwest semiarid 

regions, the decrease is widely observed in lower radiative forcing scenarios in both EC-Earth 

models. Nevertheless, in the southeast rain shadow regions, the 4% decrease is more prominent 

in higher forcing scenarios. A significant decrease in the northeastern regions is projected in 

EC-Earth under SSP2-4.5, followed by EC-EarthVeg in SSP1-2.6. 

In NorESM, the west coastal changes, characterized by a 4% decrease, are observed in both 

the southern and northern regions under SSP1-2.6. Notably, substantial central Indian and 

northeastern regional changes ranging from 4% to 8% are most evident in SSP3-7.0. 

Conversely, the northwestern and northern regional changes are consistently depicted across 

all scenarios. 

6.4. Chapter Summary 

Climate models project both significant and insignificant increases in seasonal and extreme 

rainfalls for both monsoonal and non-monsoonal regions over the study area in the future, 

depending on the scenarios considered. The EC-Earth models forecast a 5 mm day-1 increase 

in seasonal rainfall for the west coast, southwestern regions of central India, and the western 

Himalayas. The NorESM model predicts significant changes in central India and rain shadow 

regions of southeast India. In all model projections of extreme rainfall, the increased change in 

the northern regions of the west coast and southwestern regions of central India could lead to 
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heightened vulnerabilities in the area, especially in higher forcing scenarios. Moreover, the 

zone of extreme rainfall extends to the rain shadow regions behind the Western Ghats, resulting 

in a noticeable reduction in the area of rain shadow regions in the future, particularly in the 
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                 EC-Earth, SSP1-2.6                                                     EC-EarthVeg, SSP1-2.6                                                   NorESM, SSP 1-2.6 

Figure 6.10: The projected percentage contribution of summer monsoon extreme 

rainfall to the seasonal mean for the far-term (2079-2099) by EC-Earth, EC-EarthVeg, 

and NorESM models in (i) SSP1-2.6, (ii) SSP2-4.5, (iii) SSP3-7.0, and (iv) SSP5-8.5 

scenarios 
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SSP5-8.5 scenario. Additionally, the northwest semiarid regional extreme rainfall is projected 

to increase in the future. In the case of NorESM, the pronounced extreme area in central India 

extends through the coastal region to the northeastern regions in the SSP5-8.5 scenario. The 

contribution of extreme rainfall to seasonal rainfall is observed to decrease more in 

northwestern semiarid India, southeast rain shadow regions, and Ladakh and Himachal Pradesh 

areas. 

The projections for the selected future terms yield valuable insights. In the west coast region, 

no significant changes in extreme rainfall are projected in the near-term. However, a substantial 

increase in extreme rainfall is anticipated in the mid- and far-terms on the northern west coast, 

particularly under the SSP5-8.5 scenario. In the central Indian region, EC-Earth models predict 

intensified extreme rainfall along with an expansion in the extreme rainfall affected area, most 

notably in the far-term. Additionally, these changes are also notable in the NorESM model. In 

the western Himalayan region, a significant increase in extreme rainfall is projected by models 

in the near-term, especially in the SSP1-2.6 scenario. In contrast, no change in extreme rainfall 

is expected in the mid- and far-terms in the above region. The percentage contribution of 

extreme rainfall to the seasonal mean decreases slightly in monsoonal areas in all future terms, 

particularly in the SSP1-2.6 scenario. 

The next chapter summarizes the thesis work, highlighting important findings and concluding 

remarks. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The present thesis seeks to comprehend the physical and dynamical characteristics of South 

Asian Summer Monsoon (SASM) rainfall and its extremes. In this study, extreme rainfalls 

within a region were delineated based on the percentile value of daily rainfall (99th percentile) 

across grid points in the specified area. Prominent regions within the monsoonal zone 

exhibiting prominent characteristics were identified by examining the linear decadal trends of 

extreme rainfall amounts during the summer monsoon season. The analysis encompasses the 

physical attributes of extreme rainfalls in these identified regions, including their evolution and 

dissipation features, linear trends over the years, and probability density functions. 

Furthermore, the study delves into the correlation of these extreme rainfalls with various 

climate forcing mechanisms, aiming to discern their teleconnections with global sea surface 

temperature (SST) variations in the Pacific, Atlantic, and Indian oceans. The dynamical 

characteristics of extreme rainfall events (EREs) in the selected regions were explored in terms 

of circulation features, relative vorticity, specific humidity anomalies, vertical vorticity, 

vertically integrated moisture transport, moisture convergence, and vertically integrated moist 

static energy during these events. In the concluding segment of the study, efforts are made to 

simulate extreme rainfall amounts in the historical period and project their variations in future 

periods over the study region for various Shared Socioeconomic Pathway (SSP) scenarios, 

utilising Coupled Model Intercomparison Project phase 6 (CMIP6) Global Climate Models 

(GCMs). 

The primary part of the study involves detecting and exploring EREs in the South Asian 

regions. This study considers daily rainfall during the summer monsoon season as an extreme 

case if it surpasses the 99th percentile value in the climatological period. The study calculated 

both the rainfall amount and the number of days with rainfall exceeding the 99th percentile. 

Additionally, the standard deviations of mean and extreme rainfalls and the percentage 

contributions of extreme rainfall to seasonal rainfall were computed to investigate the 

characteristics of EREs. The analyses reveal that SASM mean and extreme rainfalls display 

significant variability in spatial and temporal scales across different regions of the Indian 

subcontinent throughout the study period (1951–2015). 
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The spatial pattern of rainfall corresponding to the 99th percentile reveals large values in most 

of the west coast regions, some pockets in the northeast, and the foothills of the Himalayas. 

Central India exhibits moderate values, and very low values are observed in the southeast, 

northwest, and northern regions such as Jammu, Kashmir, and Ladakh. The high amounts of 

extreme rainfall in the regions of the West Coast, Uttarakhand, Himachal Pradesh, Meghalaya, 

and Arunachal Pradesh may be attributed to the influence of topographic features. The Indo-

Gangetic plains are also impacted by extreme rains during the summer monsoon season. The 

northwest and southeast regions experience very low amounts of extreme rainfall. The spatial 

distribution of the number of extreme rainfall days is different from the distribution of the 

amount of rainfall from extreme events. The number of extreme rainfall days shows high values 

in the northwestern and northern regions, including Ladakh and Kashmir; however, the extreme 

rainfall recorded over those regions from these extreme events is small. 

The standard deviation follows a pattern similar to climatological variability but with lower 

magnitudes. The standard deviation of the number of days with extreme rainfall reveals a 

distinct pattern crucial for describing the actual impacts of such occurrences. Considerable 

variability in the number of extreme days, with moderate variability in the amounts of extreme 

rainfall, is observed in the southern end of peninsular India, the Gujarat region, and the foothills 

of the central Himalayas. Uttarakhand, Himachal Pradesh, Arunachal Pradesh, and the Indo-

Gangetic Plain regions experience high variability in both rainfall and the frequency of extreme 

events. In most non-monsoonal regions of India, the contribution of rainfall from extremes to 

the mean rainfall is more than 20%, while it is less than 15% in monsoonal regions such as the 

coastal regions of the Western Ghats, central and northeast India, as well as the foothills of the 

Himalayas. 

The spatial distribution of linear trends in seasonal rainfall is notably negative in most rainy 

areas of the Indian subcontinent, particularly in the Kongan belts, central Indian region, and 

northeast regions. The spatial trends of extreme rainfall and its events also exhibit a similar 

pattern, although variations exist in magnitudes and, to a slight extent, in the spatial extension 

of the regions. In the case of extreme rainfall, major changes in spatial trends are observed on 

the west coast, central, and north Indian regions. In the central Indian regions, the values of 

trends are highly inhomogeneous, and the regions of positive and negative trends are highly 

localised, with comparatively low significance. In northcentral India, negative trends are found 

for both mean and extreme rainfalls. 
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Five regions exhibiting significant long-term rainfall variations are identified in the subsequent 

phase of the study, considering the decadal trends of both mean and extreme rainfalls. The 

investigation delves into the evolution and dissipation characteristics of EREs within these 

identified regions by computing their composites and examining lead-lag behaviour. In 

addition to analysing linear trends, the study employs the Mann-Kendall non-parametric trend 

analysis to ascertain the significance of trends and estimate Sen’s slope values for quantifying 

these trends. Probability density functions (PDF) for both mean rainfall and extreme events are 

determined for the identified regions, and the resulting distributions are graphically presented 

to illustrate potential changes in rainfall patterns. 

The analysis of the spatial composite of EREs and the lead-lag analysis over the selected 

regions indicates that extreme events are predominantly heterogeneous in space and the 

features of EREs are independent from one region to another. Most extreme events develop 

such a situation within a short span of three days, even though their signature of above-normal 

rainfall is apparent almost one week before the event. Unlike other regions, extreme events in 

north central India (NCI) and northeastern regions (NER) show a sharp evolution without 

noticeable previous signs. In the case of central India (CI) regions, the rainfall exhibits a wavy 

pattern with an approximately 6-day period during evolution as well as dissipation. While the 

southern parts of the west coast, northern parts of central India, and northeastern regions show 

similar linear trends with more or less comparable values for mean and extremes, contrasting 

trends are also observed in other regions, such as the northern part of the west coast and central 

India. 

The probability distributions of rainfall in the pre-1980 and post-1980 periods exhibit greater 

differences in the case of extremes than for mean rainfall. The PDF of mean rainfall for the 

entire period is more influenced by the PDF of mean rainfall in the post-1980s period compared 

to the pre-1980s period. This shift signifies a reduction over time in the amount of mean rainfall 

associated with the frequency of occurrences of extreme events. Such a pattern is not significant 

in the case of extremes. The wider curve for the extremes in the post-1980 period in regions, 

except for the southern west coast (SWC), demonstrates the increased variability of extremes 

in that period over these regions. 

The exploring of the spatial correlation of different climate indices with rainfall over the Indian 

subcontinent is used to ascertain their relationship with both mean rainfall and EREs. A 

correlation study was conducted with Niño 3.4, El Niño Modoki, DMI, PDO, AMO, and AZM 
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indices, and the significance of the correlation values was determined through the student’s t-

test. The individual analysis of the correlation between climatological forcing mechanisms and 

mean and extreme events revealed spatial variations. Moreover, it was unable to identify any 

indices as reliable predictors of extreme events in South Asian regions. The interdependence 

of various forcing mechanisms influencing the Indian summer monsoon rainfall results in their 

coupled action, contributing to elevated impacts and vulnerability during extreme events. 

To explore the underlying dynamics of the EREs during the southwest monsoon period, four 

regions were selected based on the spatiotemporal variability of extreme rainfall. The northern 

west coast region exhibited large inter-annual variability, nonsignificant trends, and other 

rainfall characteristics for both mean and extremes; therefore, the region is excluded from 

further analysis. To investigate the cessation and dissipation characteristics of EREs, 

composites of all extreme events are created in the selected regions from 6 days before to 6 

days after the events, spanning the period from 1951 to 2015. The evolutionary and dissipation 

characteristics of the ERE were examined based on lead-lag composites of horizontal 

circulations, relative vorticity, specific humidity anomalies, and vertical vorticity. 

Additionally, vertically integrated moisture transport, moisture convergence, and vertically 

integrated moist static energy were assessed during the EREs across the four different regions. 

The 850 hPa circulation features reveal distinct differences across various regions. In the SWC 

regions, the wind strength increases rapidly before the event but gradually dissipates 

afterwards. During the extreme period, low-level moisture-laden winds directly hit the western 

coastal regions and the Western Ghats, leading to heavy rainfall over the region. In the CI 

region, the wind core extends from the Arabian Sea to central India, and a similar pattern is 

observed in moisture transport and rainfall. The Bay of Bengal (BoB) wind component also 

reaches its maximum during the extreme event. In the NCI and NER, winds and moisture 

transport at 850 hPa are relatively weaker. During NCI extremes, the Low-Level Jet (LLJ) core 

splits into two, with the northern branch causing the extreme event. In the NER, southerly wind 

regimes prevail over the areas of EREs. Moisture transport analysis suggests that the primary 

moisture source for extreme events in SWC, CI, and NCI is the Arabian Sea, while for the 

NER, the main source is the BoB. 

The relative vorticity (RV) also reveals positive values over the regions during EREs, 

indicating low-level convergence. During the evolution period of extremes in the WC and CI 

regions, positive relative vorticity gradually increases and spreads toward the concerned 
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regions. The intensity of positive RV is comparatively lower in the NCI and NER extremes 

compared to the central Indian and West Coast extremes. In the case of NCI extremes, a 

convergence zone was also noticed at the southern tip of peninsular India. For EREs over the 

SWC, the vertically integrated moisture transport (VIMT) shows its maximum value over the 

central and eastern Arabian Sea, including the southern west coast of the Indian peninsula. 

Moisture transport during these extreme periods is westerly. The moisture transport over CI is 

almost similar to that of the WC, but two peaks of VIMT are observed in the spatial domain: 

one over the central Arabian Sea, and the other over the north BoB and the adjoining central 

Indian land mass. In the case of NCI, the moisture transport shows two pathways after splitting 

from the Arabian Sea: one goes through the southern tip of peninsular India, and the other goes 

through North India. Moisture transport during extreme events in the NER is high over the 

central Arabian Sea and north BoB, including the northeastern land mass. Its strength is almost 

similar to extremes in the NCI region. 

The low-level convergence is confirmed based on low-level moisture convergence. Vertically 

integrated moist static energy shows high values in regions experiencing extreme rainfall, 

consistent with moisture convergence at 1000 hPa. This suggests increased convective activity 

in these regions during extreme events. The evolution and dissipation of moisture and vertical 

velocity in the lead-lag vertical cross-section indicate the uniqueness of individual regions. The 

SWC and NER regions are climatologically moisture-abundant; even a slight increase can 

result in heavy rainfall associated with a high upward motion of moisture. However, the CI and 

NCI exhibit high moisture levels throughout the atmospheric column and elevated updrafts 

during EREs. 

The projection study attempted to simulate extreme rainfall during the historical period using 

CMIP6 GCM models and projected their variations in future periods over the study region for 

various SSP scenarios. For the historical analysis of extreme rainfall from 1950 to 2014, model 

simulations were compared with monthly rainfall data from the Climatic Research Unit (CRU). 

Given the varying resolutions of each GCM, all GCM model data and CRU data were initially 

re-gridded to a common 1.5° latitude × 1.5° longitude spatial resolution.  

The screening of simulation models was conducted based on their responses to the annual cycle 

of rainfall, followed by Taylor diagram analysis. The annual cycle of rainfall for all models 

was plotted, and those models that failed to fall within the range of ±2 standard deviations of 

the CRU data were excluded. Consequently, 22 models performing better in simulating 
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summer monsoon rainfall variations comparable to observational data were selected. A Taylor 

diagram analysis was done using the 95th percentile of monthly rainfall data for the summer 

monsoon season of the selected twenty two models against the CRU data over the historical 

period. It is to scrutinise further models in simulating the 95th percentile of seasonal rainfall 

with spatial patterns closest to the observational dataset. Models with correlation coefficients 

greater than 0.8 and normalised variance between 0.9 and 1.1 were filtered out from the Taylor 

diagram. Subsequently, five models were chosen for their performance in simulating EREs. 

The selected models are EC-Earth3, EC-Earth3-AerChem, EC-Earth3-CC, EC-Earth3-Veg, 

and NorESM2-MM. 

To assess the quantitative capabilities of CMIP6 models in reproducing Indian summer 

monsoon rainfall, their projected seasonal mean and extreme rainfall amounts were compared 

against CRU observation data over land for the historical period spanning 1950–2014. The 

study also examined the percentage contribution of extreme rainfall to seasonal rainfall for a 

more comprehensive understanding. While the selected models exhibited similar spatial 

patterns for mean and extreme rainfall during the historical period, consistent regional biases 

emerged across CMIP6 models, manifesting as both overestimation and underestimation, 

particularly in monsoonal regions. such as the West Coast, central India, the Himalayas and its 

foothills, and the northeastern regions. The EC-Earth models and NorESM demonstrated the 

ability to simulate central Indian seasonal rainfall quite well, although the spatial coverage of 

good estimation is somewhat reduced. The NorESM model outperformed EC-Earth models in 

simulating central Indian and northeastern regional seasonal rainfall patterns. In contrast, EC-

Earth models excelled in capturing the west coast, particularly the southern region, and also in 

the western Himalayan regions.  

The EC-Earth models performed well in simulating extreme rainfall events in central India, 

whereas NorESM tended to overestimate the observational data. The EC-Earth models 

provided reasonable estimates for extreme rainfalls on the west coast regions, whereas the 

NorESM models exhibited a slight underestimation. The variabilities in extreme rainfall in the 

central and eastern Himalayan regions were not adequately captured by any models. However, 

the EC-Earth models effectively represented extreme rainfall in the western Himalayan region, 

while NorESM showed a slight overestimation. The models slightly underestimated extreme 

rainfall patterns in the northern west coast and northeast regions of India, as well as in the 
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coastal areas of Myanmar. On the other hand, extreme rainfall in the northwest and southeast 

Indian regions was accurately projected by all EC-Earth models. 

Even though CMIP6 has evolved more than its older missions in capturing land-sea interactions 

and anthropogenic forcings, the complexity of land-sea interactions hinders the model’s ability 

to simulate the summer monsoon extreme rainfall features, especially over the northern west 

coast and northeast regions of the subcontinent. Despite the advancements in CMIP6 over its 

predecessors in capturing land-sea interactions and anthropogenic forcings, the intricate nature 

of these interactions hindered the models' ability to simulate summer monsoon extreme rainfall 

features, particularly over the West Coast and northeastern regions of the subcontinent. 

The present study also addressed notable spatiotemporal changes in extreme precipitation 

(≥95th percentile) over the study area under four different future warming scenarios (Shared 

Socioeconomic Pathways, or SSPs) spanning from 2015 to 2100. The four selected SSPs for 

projecting the future of extreme precipitation are SSP1-2.6 (RCP2.6), SSP2-4.5 (RCP4.5), 

SSP3-7.0, and SSP5-8.5 (RCP8.5), corresponding to radiative forces stabilizing at 

approximately 2.6 Wm-2, 4.5 Wm-2, 7.0 Wm-2, and 8.5 Wm-2. For a detailed analysis of 

projected extreme rainfall during the summer monsoon season across South Asian regions in 

the future, the study period is divided into three terms: the near-term (2015–2035), mid-term 

(2047–2067), and far-term (2079–2099). This study validates the projection of climatology, 

the 95th percentile, and the percentage contributions of extreme rainfall amounts during the 

summer monsoon season in future periods. 

Climate models project both significant and insignificant increases in seasonal and extreme 

rainfalls for both monsoonal and non-monsoonal regions over the study area in the future, 

depending on the scenarios considered. The EC-Earth models forecast a 5 mm day-1 increase 

in seasonal rainfall for the west coast, southwestern regions of central India, and the western 

Himalayas. The NorESM model predicts significant changes in central India and rain shadow 

regions of southeast India. In all model projections of extreme rainfall, the increased change in 

the northern regions of the west coast and southwestern regions of central India could lead to 

heightened vulnerabilities in the area, especially in higher forcing scenarios. Moreover, the 

zone of extreme rainfall extends to the rain shadow regions behind the Western Ghats, resulting 

in a noticeable reduction in the area of rain shadow regions in the future, particularly in the 

SSP5-8.5 scenario. Additionally, the northwest semiarid regional extreme rainfall is projected 

to increase in the future. In the case of NorESM, the pronounced extreme area in central India 
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extends through the coastal region to the northeastern regions in the SSP5-8.5 scenario. The 

contribution of extreme rainfall to seasonal rainfall is observed to decrease more in 

northwestern semiarid India, southeast rain shadow regions, and Ladakh and Himachal Pradesh 

areas. 

The projections for the selected future terms yield valuable insights. In the west coast region, 

no significant changes in extreme rainfall are projected in the near-term. However, a substantial 

increase in extreme rainfall is anticipated in the mid- and far-terms on the northern west coast, 

particularly under the SSP5-8.5 scenario. In the central Indian region, EC-Earth models predict 

intensified extreme rainfall along with an expansion in the extreme rainfall affected area, most 

notably in the far-term. Additionally, these changes are also notable in the NorESM model. In 

the western Himalayan region, a significant increase in extreme rainfall is projected by models 

in the near-term, especially in the SSP1-2.6 scenario. In contrast, no change in extreme rainfall 

is expected in the mid- and far-terms in the above region. The percentage contribution of 

extreme rainfall to the seasonal mean decreases slightly in monsoonal areas in all future terms, 

particularly in the SSP1-2.6 scenario. 
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CHAPTER 8 

FUTURE SCOPE AND RECOMMENDATIONS  
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CHAPTER 8 

FUTURE SCOPE AND RECOMMENDATIONS 

The present study analysed the physical and dynamic characteristics of summer monsoon mean 

rainfall and extreme rainfall events (EREs) in the selected regions over the South Asian domain 

and verified the regional heterogeneity in the physical aspects and evolutional features of 

extreme rainfall events. Moreover, the study realised the complexity of the correlation between 

mean rainfall and regional extreme rainfall events with various climate-forcing mechanisms. 

Furthermore, the projection study on various shared socioeconomic pathways (SSPs) using 

coupled model intercomparison project phase 6 (CMIP6) global climate models revealed the 

probability of increased extreme rainfalls, especially on the Odisha region extending to the 

upper BoB coastal region, northern west coast area meeting with the southwestern portion of 

central India, southeastern rain shadow regions in the Indian peninsula and also on the western 

Himalayan regions in the future for various SSPs. This study can be extended to the following 

undermentioned areas, which may benefit the regional understanding of the monsoon extremes 

and can be used for potential mitigation strategies. 

➢ The study analysed the spatiotemporal heterogeneous nature of monsoon seasonal 

rainfall and extremes across different regions of South Asia. This analysis can be 

extended by incorporating additional rainfall and climate data from various sources and 

by adjusting the criterion of extreme events. It will enhance the process of regional 

weather and climate analysis, offering valuable insights for forecasting and future 

predictions. 

➢ The evolution and dissipation of dynamic parameters during extremes have significant 

impacts on global monsoons, weather prediction systems, mitigation efforts, and the 

maintenance of hydrological balance worldwide. The dynamical analysis can be further 

extended to regions beyond South Asia to comprehend other global monsoon domains. 

 

➢ This research analysed the teleconnections between various global climate-forcing 

mechanisms and the mean rainfall, as well as extreme events over the South Asian region 

from 1951 to 2015. The study can be extended to analyse the recent changes in the 

teleconnection patterns of various forcing mechanisms on ISMR mean and extremes. 
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➢ The study independently analysed the evolution and dissipation features of various 

dynamical parameters during regional extremes.  The clustering effect of synoptic 

features during extremes on a regional scale can be explored further to establish 

connections between the dynamical and thermodynamic features of extremes and their 

evolution over the region during EREs. 

 

➢ This study utilised monthly rainfall data to project extreme events in the South Asian 

domain. Regional projection analysis, employing daily rainfall data from CMIP6 GCMs, 

can be done to obtain precise results regarding future climate variability over the region. 
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