
1. Introduction
The earth has been warmed by 1°C as compared with the pre-industrial era (Alley et al., 2003). According to 
a report of Intergovernmental panel on climate change (IPCC), the temperature will rise by 3–6°C till the 21st 
century at a rate of 0.2°C/decade under higher emission conditions (Pachauri et al., 2014; Solomon et al., 2007). 
The abrupt growth in urbanization, industrialization, deforestation, transportation, utilization of fossil fuel esca-
lates the atmospheric load of greenhouse gases (GHGs), which is proved as a globally challenging phenomenon, 

Abstract The Indo-Gangetic Plain (IGP) bears great agricultural importance and contributes to a major 
share of national GDP of India. In present study, a location-specific comprehensive analysis of rainfall extremes 
over IGP, using second generation CORDEX-CORE simulations in the present and future scenarios (under 
high emission RCP8.5 scenario) have been performed. Here, the high-resolution CORDEX-CORE simulations 
with International Centre for Theoretical Physics's regional climate model (RegCM4.7) have been considered 
for the detailed rainfall characteristics assessment. Twelve thresholds-based climate indices have been 
analyzed to investigate the characteristics of rainfall extremes during three-time slices: 1986–2005 (historical), 
2041–2060 (near future) and 2080–2099 (far future). The RegCM4 projections suggested a substantial decline 
in mean Indian Summer monsoon rainfall (ISMR) and wet days (rainfall ≥ 1 mm; 7%–14%) over IGP under 
high-emission RCP8.5 scenario. The contribution of 90th and 99th percentile days and total rainfall on wet 
days, seems to be get enhanced in future by 14%–35%, which implies the increase and intensification in rainfall 
extremes over IGP by the end of the 21st century. Further, the decline in ISMR and negligible changes in 
annual rainfall over IGP suggest the possible shift of monsoon regime during the later months of the year in 
warming climate. Thus, findings of present study may play a crucial role in predicting the ISMR and rainfall 
extremes over the IGP. Therefore, it can be useful for scientists and policymakers to plan and implement 
mitigation strategies.

Plain Language Summary In present study, an endeavor has been made to access the Indian 
Summer monsoon rainfall (ISMR) patterns and monsoon extremes over Gangetic plain which is fluvially 
fertile land and feeds around 40% Indian population. The International Centre for Theoretical Physics’ regional 
climate model (RegCM4.7) robustly performs with various forcings in simulating mean precipitation and 
12 different threshold-based climate indices over Indo-Gangetic Plain (IGP) during the historical period. 
However, the statistical analysis suggests RegCM4 with forcings EIN75 and MPI-ESM-MR followed by 
MIROC5 and Nor-ESM performs robustly in simulating the rainfall patterns over the IGP. Further, various 
forcing combinations have produced some rainfall indices with slight differences. Therefore, a ranking-based 
framework has been proposed in order to choose best forcing-combination for future projections. A closure 
encounter revealed that substantial decline in mean ISMR while negligible changes in annual rainfall have been 
projected which resembles to the fact of shift in monsoon regime toward the later months of the year under 
warming climate. As far as monsoon extreme are concerned, a rise in heavy rainfall days and their intensity 
have been projected. Also, maximum enhancement in projected heavy rainfall characteristics have been found 
to be near Himalayan foothills which is may be due the increased aerosol accumulation over IGP.
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causing a lead role in climate change and global warming (Canadell et al., 2007; Tollefson, 2020). An increase 
in temperature manifests fluctuations and alterations to the atmospheric energy budget and affects the weather 
and climate variables, such as snow, precipitation and wind circulation (Gorman and Schneider,  2009; Roxy 
et al., 2017). Thus, an abrupt increase in the regional and local temperature will be a causative factor in the irregu-
larity of the Indian Summer Monsoon (ISM) circulation, hence ISM rainfall is affected, which accounts for nearly 
80% of the annual rainfall of the country (Gadgil & Gadgil, 2006; Turner & Annamalai, 2012).

Being an agriculture-based country, the ISM season (from the month of June to September; JJAS) plays a vital 
role in the livelihood and socio-economy of the rapidly increasing large Indian population (Rajeevan et al., 2010). 
Researchers have found evidences in support of enhancement in ISM irregularities which consequently leads 
to the amplification in frequency and intensity of extreme rainfall events (floods and drought) over the country 
during recent decades (Simpkins, 2017). The Clausius-Clapeyron equation suggests the enhancement in the rate 
of moisture content in the atmosphere due to global climate warming, which leads to the rise in the number 
and severity of rainfall extremes (Gorman & Schneider, 2009; Roxy et al., 2017; Tabari, 2020). Occurrences of 
hydroclimatic extremes such as extreme rainfall, flood and drought have adversely affected the socio-economic 
aspects of developing nations such as India during recent decades India has faced numerous devastating extreme 
rainfall events such as Mumbai (July 2005), Kedarnath (June 2013), Chennai flood (2015) and Kerala (in August 
2018) which caused huge loss of lives and property due to landslides and floods (Boyaj et al., 2018; V. Mishra 
& Shah,  2018; Pant et  al.,  2022). Several studies have found the enhancement in frequency and intensity of 
extreme rainfall events while a gradual decrease in low to moderate-intensity rainfall events over India (Goswami 
et al., 2006; Guhathakurta et al., 2017; Pattanaik & Rajeevan, 2010). In a study Roxy et al., 2017 found three 
times enhancement in the frequency of extreme rainfall events accompanied by about a 20% decline in ISMR over 
the monsoon core region of India. The decline in ISMR can be a manifestation of alteration in several atmospheric 
and oceanic factors such as frequency of El Nino and La Nina southern oscillations (ENSOs), Indian Ocean 
warming, land use, convective available potential energy (CAPE), aerosol concentration etc (Das et al., 2020; 
Roxy et al., 2014, 2015; D. Singh et al., 2014). Several authors have found the role of aerosols in affecting the 
regularities of cloud systems and hence rainfall characteristics over a region (Fan et al., 2018; Tao et al., 2012). 
The atmospheric aerosols may alter the rainfall patterns in multiple ways such as by affecting large-scale circula-
tions, atmospheric stability, cloud microphysics etc (Baker et al., 2015; Rosenfield et al., 2012). The atmospheric 
aerosols may drive the occurrence of heavy rainfall events over the Himalaya and its foothills during the ISM 
season (Choudhury et al., 2020).

The Coupled Model Intercomparison Project Phase 5 (CMIP5) experiment projections suggest wetter monsoon 
season and enhancement in extreme rainfall over South Asian regions (Kitoh & Endo, 2016; R. Maity et al., 2016; 
Sharmila et al., 2015). However, some other studies have proposed a decrease in seasonal rainfall and a shift 
in monsoon regimes in future (Ashfaq et al., 2009). These studies are based on the coarser resolution Global 
Climate Models (GCMs) and the changes in rainfall patterns are also affected by local factors such as topography 
which causes heterogeneity in model simulations. The use of finer-resolution climate models may enhance the 
reliability of modeling framework in order to present a better weather/climate pattern at regional scale (Kang 
et al., 2015; Vinnarasi & Dhanya, 2016). The concept of dynamical downscaling with regional climate model 
(RCM) was proposed to overcome the limitations associated with GCMs (Giorgi & Bates, 1989). After its devel-
opment in the late 1980s at NCAR, the RegCM (first-ever RCM) has been popular in simulating climatic patterns 
across the globe (Giorgi et  al.,  2009,  2012). Various researchers have attempted to access the ISM patterns 
and associated variability by using RegCM over India and South Asia Coordinated Regional Climate Down-
scaling Experiment (SA-CORDEX: 22°S–50°N; 10°E−130°E) (Bhatla et al., 2016, 2018, 2019; Maharana & 
Dimri, 2016; Shahi, 2022; Verma et al., 2021). The reliability of RegCM simulations enhances when used in 
mixed parameterization mode (Giorgi et al., 2012; J. S. Pal et al., 2007). Therefore, several scientists considered 
the different combinations of cumulus parameterization schemes (CPSs) to reproduce the ISM circulation and 
pattern (Ghosh et al., 2019, 2022; S. Maity et al., 2017; A. K. Mishra et al., 2020; Sinha et al., 2019; Verma 
et al., 2022; Verma & Bhatla, 2021). A high-resolution regional model RegCM has been used for the simulation 
and projection of weather and climate extremes (Ngo-Duc et al., 2017; Pant et al., 2022; Rai et al., 2020). In a 
study with RegCM4.3, Rai et al. (2020) found an increase in heavy rainfall events over various homogeneous 
rainfall regions of India under warming scenarios. Another study by Shahi et al. (2021) found RegCM4 perform-
ing robustly in simulating rainfall extremes and enhancement in future under high emission RCP8.5 scenario 
over India and its monsoon core region (MCR). An attempt to simulate localized extreme rainfall events over 
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Mumbai with RegCM4 has been performed by Pant et al. (2022). Their findings show that the RegCM4 performs 
satisfactorily in simulating the extremely heavy rainfall event and associated dynamical and thermodynamical 
aspects. The above discussion suggests that the recent version of RegCM4 is able to unfold the climatic features 
at a regional scale. The investigation and estimation of ISMR patterns and associated extremes in past as well as 
in future under high emission scenarios (such as RCP8.5) will be of great importance over one of the most fluvial 
fertile lands of the world, that is, the Indo-Gangetic Plains (IGPs) in India. The IGP covers 13% geographic area 
(∼6 lakhs km 2) of the country and is the source of food for around 40% Indian population (D. Pal et al., 2009). 
The agriculture activities in IGP are totally dependent on ISMR and monsoon variability may adversely affect 
the food supplies, health and economy and other aspects of the region and hence the country. Several researchers 
have attempted to access the ISM activity and its variations over IGP regions (Bhatla et al., 2019, 2020; Kothyari 
et al., 1997; N. Singh & Sontakke, 2002). Bhatla et al. (2015) studied the effect of ENSO events on ISMR which 
affects crop production over the Agro-Climatic-Zones of IGP region. Daloz et al. (2021) studied the impact of 
climate change on wheat production and found that the indirect impacts (decrease in irrigation availability) of 
climate change are more severe than the direct impacts (changes in temperature and rainfall) on the wheat yields 
in IGP. In a study, Yaduvanshi and Ranade (2017) found a decrease in the long term ISMR trend over eastern 
IGP regions while negligible variations in annual mean rainfall. Further, in another study Bhatla et al. (2019) 
found an increase in moderate to heavy rainfall events while a decrease in very heavy to extremely heavy rainfall 
events in the long-term (1901–2010) trend analysis. Using modeling approaches such as CORDEX-CORE and 
CMIP5 modeling framework, several authors have proposed the enhancement in mean and extreme temperatures 
over IGP in future under climate change scenarios (Chauhan et al., 2014; Sanjay et al., 2017; Wu et al., 2017). A 
projected increase of about 6°C (in comparison to the present day) by the end of the 2080s has been proposed. 
A multimodal ensemble approach suggested a 10% (20%) increase in precipitation by 2030s (2080s) under high 
emission scenarios (Chaturvedi et  al., 2012). The assessment of climate indices recommended by the Expert 
Team on Climate Change Detection and Indices (ETCCDI) is of great importance to understanding the climate 
and associated variability over the region of interest (Zhang et al., 2011). Several researchers across the world 
have adopted the ETCCDI to analyze the rainfall patterns and associated frequency-based extremes as these 
indices are robust in detecting the trends in projected climate extremes (Ayugi et al., 2020; Herold et al., 2017; 
Tegegne et al., 2021). In a study Donat et al. (2013) evaluated the global patterns of climatic indices developed 
by the ETCCDI using newly updated observational data set (HadEX2) with better geographical and temporal 
coverage since the beginning of the twentieth century. Their study reported an increasing trend in severe rainfall 
but associated indices such as Rx5day and consecutive dry days (CDDs) have shown weak signals while the 
R10 mm (heavy rainfall event as per ETCCDI definition) shows a decrease over central-north India. Also, using 
threshold-based indices, Sillmann et al. (2013) found a rapid enhancement in extreme precipitation than the total 
wet day precipitation over different regions across the globe. Another study by Yaduvanshi et al. (2021) using 
CMIP5 models suggests a significant enhancement in extreme rainfall indices such as R95p, R99p, Rx1day 
and Rx5day (see Table 2) over the Western Ghats, central India and northeast Indian regions in future under 
RCP4.5&8.5 scenarios. Using daily rainfall data, Roy and Balling  (2004) have found an increasing (decreas-
ing) trend over southern peninsular regions (eastern Gangetic plains) in extreme rainfall frequencies (Rx1day, 
Rx5day, Rx30 day, 90th, 95th, and 97.5th percentiles) during 1910–2000. Panda et al. (2016) found a shift from 
wetter to drying conditions in twentieth-century climate indices over the central north Indian region. The rainfall 
extremes are heterogeneous over Indian river basins and the Ganga, north-eastern river basins have shown the 
highest rate of spatio-temporal variations during the recent decades (Chaubey et al., 2022). A localized study 
with ETCCDI indices over northeast Indian regions proposed a significant increase in CDDs while a decrease 
in wet day precipitation in recent times (Luwangleima & Shrivastava, 2019). However, the ISMR characteristics 
and their thresholds based comprehensive analysis over IGP is still unnoticed. Therefore, this study extensively 
focuses on the investigation of ISMR and associated extremes with threshold-based climate indices by using 
high-resolution CORDEX-CORE RegCM4.7 simulations during past and future time slices under high-emission 
RCP8.5 scenarios.

2. Model Description and Methodology
The latest CORDEX-CORE data downscaled with RCM have been considered to unfold and analyze the 
ISMR features and associated extremes over IGP. For that purpose, a state-of-the-art Regional Climate Model 
(RegCM4.7) which is developed and modified at Abdus Salam International Centre for Theoretical Physics 



Earth and Space Science

PANT ET AL.

10.1029/2022EA002741

4 of 23

(ICTP), Italy has been considered. The RegCM4, a limited area sigma-coordinate model has been widely used 
to downscale over various CORDEX domains across the globe (Giorgi et  al., 2012). The model domain and 
topography (South-Asia CORDEX domain; 22°S–50°N; 10°E−130°E) along with the study region (i.e., IGP) 
have been shown in Figure 1. The high-resolution CORDEX-CORE data has been generated by running the 
model at 25  Km horizontal resolution along with 23 vertical levels. The latest version RegCM4.7 has been 
employed over the SA-CORDEX domain in mixed cumulus parameterization mode as it helps to improve model 
simulations with a more precise representation of the sub-grid scale phenomenon (J. S. Pal et al., 2007). For that 
purpose, the convection schemes: MIT Emanuel over Land and Tiedtke over the ocean have been considered 
(Emanuel & Živković-Rothman, 1999; Tiedtke, 1989). A model configuration description has been shown in 
Table 1. The large-scale cloud formation has been represented by Subgrid Explicit Moisture Scheme (SUBEX; 
J. S. Pal et al., 2000) while boundary layer and radiation transfer have been chosen as proposed by Grenier and 
Bretherton  (2001) and Kiehl et  al.  (1996) respectively. A better representation of land surface processes has 
been performed by considering the Community Land model version 4.5 (CLM4.5) as a land surface scheme 
(Oleson et al., 2013). The high-resolution dynamically downscaled rainfall data sets with different Initial and 
lateral boundary conditions (ICBCs) have been generated. The 6-hourly ICBCs derived from reanalysis data 
of the European center for medium range weather forecast (ECMWF) ERA-Interim (∼0.75° × 0.75°) and three 
GCMs, namely; Max Planck Institute for Meteorology Earth System Model MR (MPI-ESM-MR; Watanabe 
& Opper, 2010) with resolution ∼1.8° × 1.8°, Model for Interdisciplinary Research on Climate 5 (MIROC5; 
Stevens et al., 2013) with resolution ∼ T85L40 for atmosphere & ∼1° × 1° for the ocean and the Norwegian 
Earth System Model (NOR-ESM1-M; Bentsen et al., 2013) with resolution ∼2° × 2° for atmosphere & ∼1° × 1° 
for ocean). A study of Sharmila et al. (2015) has also found a better representation of ISM circulation features 
in MPI_ESM-MR, MIROC5, and NOR-ESM1-M GCMs simulations. In this study, the RegCM4.7 downscaled 
experiments have been denoted as RegCM_EIN75, RegCM_MPI, RegCM_MIROC, and RegCM_NOR hereaf-
ter. All the models run with the GCM forcings is from 1970 to 2005 for the historical period, thereafter following 

Figure 1. The model domain with topography (m) (SA-CORDEX domain; 22°S–50°N; 10°E−130°E) and study region that 
is, Indo-Gangetic Plain (within the box).
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the RCP8.5 scenario forcing during 2006–2099. Here in our study, the 20-year time slabs for analysis that is, 
considering 1986–2005 (historical or reference period), 2041–2060 (near future; NF) and 2080–2099 (far future; 
FF) have been considered. The daily gridded data provided by India Meteorological Department (IMD) during 
the reference period have been considered for model validation (Pai et al., 2014). To evaluate model performance 
some robust techniques such as Taylor's diagram, Empirical Cumulative Orthogonal Function (ECDF) of daily 
rainfall mean have been considered.

Taylor Diagram: Taylor's diagram (Taylor, 2001) is extensively used for the validation of model simulated results. 
The similarity between observed and model-simulated fields is examined by evaluating the correlation coefficient 
(CC), root-mean-square error (RMSE) and standard deviation (SD). Mathematically, the formula of the Taylor 
diagram is:

�′(2) = � 2
� + � 2

� + 2����� (1)

where ρ is the correlation coefficient (CC) between model and observation, E′ is the centered root mean square 
(RMS) difference between model and observation, where σf 2 and σr 2 are the variances of the model simulation 
and observation, respectively.

Table 1 
Detailed Description of RegCM4.7 Configuration

Description of regional climate model (RegCM4.7)

Model dynamics Hydrostatic

Horizontal and vertical resolution 25 Km with 23 vertical sigma levels

Initial and lateral boundary conditions (ICBC) 1. ECMWF ERA Interim reanalysis (EIN75)

2. MPI-ESM-MR

3. MIROC5

4. NorESM1-M

Radiation scheme NCAR CCM3 (Community Climate Model 3; Kiehl et al., 1996)

Land surface model Community land model version 4.5 (CLM4.5; Oleson et al., 2013)

Planetary boundary layer scheme (PBL) Grenier and Bretherton (2001)

Large–scale precipitation scheme Sub-grid explicit moisture scheme (SUBEX) (J. S. Pal et al., 2000)

Convective parametrization scheme MIT Emanuel (Emanuel and Rothman, 1999) over land; Tiedtke (Tiedtke, 1989) over ocean

Table 2 
The Detailed Description of Twelve Threshold-Based Climate Indices

S.No. Label used Climate indices (definitions) Units

1 R90p Rainfall amount at 90th percentile of the duration mm/day

2 R99p Rainfall amount at 99th percentile of the duration mm/day

3 WD Number of wet days that is, days when rainfall; RR ≥ 1 mm days

4 SDII Simple/mean daily intensity of rainfall on wet days (i.e., the annual total 
precipitation divided by the number of wet days).

mm/day

5 R90p_days Wet days w.r.t., 90th percentile of the duration %

6 R99p_days Extremely wet days w.r.t., 99th percentile of the duration %

7 R90p_tot Precipitation percent due to R90p_days %

8 R99p_tot Precipitation percent due to R99p_days %

9 R10 mm Heavy precipitation days (RR ≥ 10 mm) days

10 R20 mm Very heavy precipitation days (RR ≥ 20 mm) days

11 Rx1day Highest 1-day precipitation amount during the period mm

12 Rx5day Highest 5-day precipitation amount during the period mm
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ECDF: The ECDF is one the reliable approach which provides a significant 
estimate of uncertainty and confidence interval among data sets (Hoffman 
et al., 2017). Being an estimation of the cumulative distribution function the 
ECDF approach generates the points in the sample. It is a step function that 
increases by 1/n at the value of each ordered data point. The ECDF defined 
for observation x = (x1, x2, … xn), Fn is the fraction of observations less or 
equal to t,

Fn(𝑡𝑡) =
number of elements in the sample ≤ 𝑡𝑡

𝑛𝑛
=

1

𝑛𝑛

𝑛𝑛
∑

𝑖𝑖=1

1[𝑥𝑥𝑖𝑖≤𝑡𝑡], (2)

Further, the relative changes (%) have been calculated for the estimation of 
variation in rainfall pattern and different climate indices in future time slices 
as compared with historical period.

Relative Changes (%) =
(Future − Historical)

Historical
× 100 (3)

Climate Indices: The use of threshold-based methods (by considering the 
distribution's tails) in identifying the extremes associated with various mete-
orological variables is gaining traction due to its greater significance regard-
less of local circumstances around the world (Zhang et al., 2011). In wake of 
the usefulness of threshold-based methods in analyzing and estimating the 
climatic variables, the 12 different climate indices have been considered in 
the present study. First, the spatio-temporal distribution of 12 climate indices 
namely, R90p, R99p, WD, SDII, R90p_days, R99p_days, R90p_tot, R99p_
tot, R10 mm, R20 mm, Rx1day, and Rx5day has been considered during the 
historical period (the detailed description of these indices has been given in 
Table 2). Then, based on the performance of different RegCM4 members in 
simulating the mean threshold values of different climate indices over IGP, 
future projections have been considered accordingly.

3. Results and Analysis
3.1. The Spatial Distribution of Zonally Distributed Meridional 
(22°N–32°N) Annual Mean Rainfall Cycle Over IGP

The observed (IMD) and RegCM4 simulated annual cycle of the zonally distrib-
uted meridional mean (between 22°N and 32°N) over IGP during the histor-
ical period (1986–2005) has been shown in Figure 2. Observations reported 
enhancement in rainfall from the month of June (2–6 mm/day) which reaches 
its maximum (22  mm/day or more) during the months of July–September 
(JJAS) that is, during ISM season over India (Gadgil & Gadgil, 2006). After-
ward, the rainfall started decreasing in the later months of the year. Some 
enhanced rainfall during September and October months can be observed. In 
their studies, Ashfaq et al. (2021) and Reshma et al. (2021) also found delayed 
onset and rainfall enhancement in the later months of the ISM season. The 
western or upper IGP regions (near 76°–80°E) receive 2–6 mm/day of rainfall 
which increases eastward, that is, toward central and lower IGP regions which 
suggest that lower IGP regions receive higher rainfall than rest of the IGP 
during ISM season. As far as modeling aspects are concerned, all the consid-
ered RegCM4 experiments have reproduced the rainfall pattern satisfactorily. 
It can be noticed that among all the considered RegCM4 experiments, the 
RegCM_EIN75 followed by RegCM_MPI and RegCM_MIROC shows rain-

fall patterns more realistically. Earlier versions of RegCM have reported some underestimation in simulating 
ISMR over MCR and IGP regions (Bhatla et al., 2019a; S. Singh et al., 2017). However, the recent RegCM version 
(v4.7) has shown remarkable improvements in the estimating the mean ISMR over India and its sub-regions 

Figure 2. Spatial distribution of India Meteorological Department (observed) 
(i) and RegCM4 downscaled (ii–v) Zonally distributed meridional mean 
(over 22°N–32°N) rainfall pattern (mm/day) with four different Global 
Climate Model forcings over Indo-Gangetic Plain during the historical period 
1986–2005.
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under CORDEX-CORE simulations (Verma et  al.,  2022). However, RegCM_MPI have shown some overesti-
mation during pre and post monsoon months while RegCM_MIROC depicts excess rainfall during ISM season. 
Though the performance of RegCM_NOR is satisfactory during ISM season but it gets deteriorated during pre and 
post-monsoon months over IGP during the historical period.

3.2. Model Evaluation

The Taylor diagram has been used to evaluate the performance of RegCM4 in simulating rainfall patterns over 
IGP. The above figure (Figure 3) represents the Taylor diagram for RegCM4 simulated daily mean rainfall with 
different forcings by considering IMD (observation) as a reference over IGP during the historical period. It can 
be noticed that all the RegCM4 experiments show higher CC (>0.8) with observations. Among all the considered 
experiments, RegCM_EIN75 followed by RegCM_MPI and RegCM_MIROC shows the highest CC (0.92, 0.89, 
and 0.86 respectively) and least RMSE values while SD values nearer to the observations. However, the perfor-
mance of RegCM_NOR is slightly less (CC ∼ 0.85 and higher RMSE) as compared to the other experimental 
configurations but it can be considered as satisfactory. The ECDF of observed and RegCM4 simulated daily 
ISMR data over IGP during the historical period have illustrated in Figure 4. It can be noticed that the observed 
rainfall distribution lies in the range of 0–15 mm/day or more with majority lying in the range of 2–10 mm/day 
during the period. The modeling aspects suggest that RegCM4 is able to reproduce the rainfall distribution satis-
factorily as compared with the observations. However, the RegCM_MIROC followed by RegCM_EIN75 shows 
the best fit among all the considered RegCM4 experiments. Also, the fitting of curves simulated by RegCM_MPI 
and RegCM_NOR gets improved toward the higher rainfall amount days during the historical period.

3.3. Spatio-Temporal Distribution of Different Climate Indices

The observed and RegCM4 simulated distribution pattern of climate indices (R90p, R99p, WD, and SDII) have 
been illustrated in Figure 5. Observations reported 10–26 mm/day of R90p over IGP with upper tail of distri-
bution lying over lower IGP regions where 18–26  mm/day of R90p has been observed (Figure  5a). Further, 
14–22 mm/day and 10–18 mm/day of R90p have been reported over most of the central and upper IGP regions 

Figure 3. Taylor diagram for RegCM4 simulated daily mean rainfall with four different forcings by considering India 
Meteorological Department (observation) as reference during the historical period (1986–2005).



Earth and Space Science

PANT ET AL.

10.1029/2022EA002741

8 of 23

respectively. It can be noticed that RegCM_EIN75 reproduces R90p pattern reasonably well over IGP but with an 
underestimation (14–22 mm/day) over southern lower IGP regions (Figure 5b). The RegCM_MPI also depicts the 
similar distribution as that of RegCM_EIN75 over entire IGP except few northern central and lower IGP regions 
where it shows improved skill and reported 26 mm/day or more R90p during the historical period (Figure 5c). 
Similarly, the RegCM_MIROC have depicted 10–12 mm/day over upper IGP while 18–26 mm/day of R90p 
over north-central and lower IGP regions (Figure 5d). The performance of RegCM_NOR is similar to that of 
RegCM_MIROC but it has shown least skill among all the considered RegCM4 simulations (Figure 5e). Obser-
vations (Figures 5b–5i) depicted 55–70 mm/day or more of R99p over most of the IGP regions especially over 
lower and northern central IGP. Further, it can be noticed that lesser 25–35 mm/day of R99p have been reported 
over most of the upper IGP regions. Modeling aspects suggests that all the considered RegCM4 members have 
ability to reproduce the R99p patterns but with slight underestimation over entire IGP.  The RegCM_EIN75 
depicts 55–70 mm/day of R99p over north lower and central IGP while 15–35 mm/day over upper IGP region 
which agrees with the observations (Figure 5g). Another experiment RegCM_MPI shows similar performance as 
that of RegCM_EIN75 with some improvements over southern regions of lower and central IGP (45–55 mm/day) 
during the historical period (Figure  5h). Another experiment RegCM_MIROC shows some improvements 
(55–70 mm/day of R99p) over northern regions of lower and central IGP as compared in previously discussed 
RegCM4 experiments (Figure  5i). However, it underestimates the R99p over southern regions of lower and 
central IGP as compared with observations. The last member, RegCM_NOR shows satisfactory performance 
over extreme northern regions of lower and central IGP where it can reproduce 55–70 mm/day or more R99p 
(Figure 5j). However, it shows poorer performance over rest of the IGP regions as compared with observations 
during the historical period.

The distribution of observed and model simulated WD pattern has been depicted in Figures 5k–5o. Observations 
reported 80–90 of WD over lower IGP regions which decreases gradually toward central (∼65) and upper IGP (50 
or less) during the historical period (Figure 5k). As far as modeling aspects are concerned, the RegCM_EIN75 
have shown satisfactory performance over lower IGP and reported 80 to 90 WD while it has shown huge over-
estimation (70–90 WD) over central IGP regions as compared to the observations (Figure 5l). Another model 
RegCM_MPI which has performed with highest efficiency so far among all the considered experiments, shows 
huge overestimation (70–90 or more) in reproducing WD over almost entire IGP region (Figure  5m). In the 
sequence, the RegCM_MIROC also depicts excess numbers (70–90) of WD over almost entire IGP (Figure 5n). 
However, performance of RegCM_MIROC is satisfactory over upper (50–55 or less) and lower (70–90) IGP 
regions in simulating WD during the historical period. The model RegCM_NOR shows 75–90 WD over 
lower IGP (closer to the observations) while it shows 50–80 WD over central IGP which is an overestimation 
as compared with observations (Figure 5o). The overestimation or large bias simulated in number of WD in 
RegCM_MPI and other RegCM experiments is also reported by the studies of Sonkoué et al. (2019) and Samuel 

Figure 4. The empirical cumulative distribution function of observed and RegCM4 simulated daily Indian Summer monsoon 
rainfall (mm/day) during the historical period (1986–2005).
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et al. (2021) over African regions. Further, they proposed that these large biases and uncertainties in simulating 
WD can be attributed to the driving GCMs. In similar manner SDII of daily rainfall during ISM season has been 
illustrated in Figures 5p–5t. The observations reported SDII ranging from 11 to 16 mm/day over entire IGP region 
(Figure 5p). The upper tail, that is, 16 mm/day or more lies over lower and north-central region of IGP while the 
upper and south-central IGP regions have reported around 11 mm/day of SDII during the historical period. The 
RegCM_EIN75 experiment shows underestimated values of SDII over entire IGP except the extreme north-lower 
IGP (Figure 5q). Most of the upper and lower IGP regions depicted 6–11 mm/day SDII while 8.5–13.5 mm/day 
can be noticed over central IGP regions. Also, the RegCM_MPI has shown underestimation as similar to the 
RegCM_EIN75. However, RegCM_MPI shows a slight improvement (11–13.5 mm/day) over some north-central 
IGP regions (Figure 5r). Similarly, the remaining RegCM4 experiments that is, RegCM_MIROC and RegCM_
NOR also depict the similar SDII pattern as that of early discussed members (Figures 5s and 5t). The underes-
timation of SDII over entire IGP in RegCM4 simulations has been reported by Verma et al. (2022). The SDII 
is defined as the mean rainfall intensity on WD over the considered reference period which implies that if any 
member among the considered experiments overestimates the numbers of WD than it will subsequently reduce 

Figure 5. Spatial distribution of observed and RegCM4 simulated rainfall climate indices, namely (a–e). R90p (mm/day), (f–j). R99p (mm/day), (k–o). WD (days), 
(p–t). SDII (mm/day) over Indo-Gangetic Plain during the historical period (1986–2005).



Earth and Space Science

PANT ET AL.

10.1029/2022EA002741

10 of 23

the SDII over the concerned region (Table 1). It can be noticed that the observed as well as modeling aspects have 
shown the maximum of the heavy to heaviest rainfall thresholds (here R90p and R99p) and maximum SDII lies 
near the regions of foothills of Himalayas. It can be explained due the fact that the increased aerosols over IGP 
leads to the heavy precipitation events near the Himalayan foothills during ISM season (Choudhury et al., 2020).

The spatial distribution of observed and RegCM4 simulated R90p_days has been shown in Figures 6a–6e. Obser-
vations reported 21%–23% or more R90p_days over upper and central IGP regions whereas 15%–20% R90p_
days over lower IGP regions during the historical period (Figure 6a). The RegCM_EIN75 reproduced 20%–22% 
over upper IGP which is in accordance with the observations but shows underestimated R90p_days over central 
(14%–18%) and lower (15% or less) IGP regions (Figure 6b). On the row, RegCM_MPI depicts underestimation 
(14%–18%) in R90_days over central and lower IGP regions. However, it reported nearly 20% R90p_days over 
upper IGP which is closer to the observations during the historical period (Figure 6c). Another member RegCM_
MIROC shows 20%–22%, 14%–18%, and 15% or less over upper, central and lower IGP regions respectively 
(Figure 6d). However, it shows slight improvements over southern lower IGP region during the historical period. 
Surprisingly, the RegCM_NOR shows better performance over central IGP among all the considered experiments 

Figure 6. Same as Figure 5 but for rainfall climate indices namely (a–e). R90p_days (%) (f–j). R99p_days (%) (k–o). R90p_tot (%) (p–t). R99p_tot (%) over 
Indo-Gangetic Plain during the historical period (1986–2005).
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as 18%–22% R90p_days which is closure to the observations (Figure 6e). Similarly, observations reported 3.5% 
or more R99p_days which gradually decreases toward central (1.5%–3%) and lower (1%–3%) IGP during the 
historical period (Figure 6f). It suggests that though upper IGP region receives lesser seasonal rainfall than lower 
IGP but the fraction of R90p and R99p rainfall among WD that is, R90p_days and R99p_days respectively is 
higher (depending on thresholds over concerned regions) over upper IGP than the central and lower IGP regions. 
The model RegCM_EIN75 performs satisfactorily and depicts 2%–2.5% R99p_days over some isolated upper 
IGP regions which decreases toward central (∼1.5%) and lower (1%–1.5%) IGP regions (Figure 6g). Another 
experiment RegCM_MPI follows the pattern but it shows huge underestimations throughout the IGP while 
RegCM_MIROC reproduces almost similar pattern as that of RegCM_EIN75 during the period (Figures  6h 
and 6i). As in the case of R90p_day, RegCM_NOR steals the attention and shows significant improvements by 
showing 3%, 2%–2.5% and 1%–1.5% of R99p_days over upper, central and lower IGP respectively (Figure 6j). 
Similarly, the spatial distribution of R90p_tot (the fraction of R90p rainfall amount in total seasonal rainfall) 
over IGP during the historical period has been depicted in Figures 6k–6o. The observations reported around 
65%–70%, 50%–60% and 40%–60% of R90p_tot over upper, central and lower IGP regions (Figure 6k). The 
pattern of R90p_tot shows higher fractions over upper IGP which gradually decreases from central to lower IGP 
as similar to the R90p_days. The RegCM_EIN75 follows the observed pattern but shows underestimation and 
reported 50%–65% and 45%–55% over upper and central IGP while 35%–40% or less R90p_tot over southern 
lower IGP regions during the historical period (Figure 6l). Another experiment RegCM_MPI (Figure 6m) also 
reproduced the pattern with underestimated values of R90p_tot over upper (45%–55%), central (40%–50%) and 
lower (40% or less) IGP regions. The RegCM_MIROC shows similar pattern as that of RegCM_EIN75 over 
entire IGP except some southern lower IGP regions where it has reproduced 45%–50% of R90p_tot which is 
closer to the observations (Figure 6n). The last member in the row RegCM_NOR, has shown improved patterns 
as compared to the other considered experiments (Figure  6o). The RegCM_NOR have shown more realistic 
patterns with 55%–65%, 45%–55%, and 35%–55% of R90p_tot over upper, central and lower IGP regions respec-
tively. Similarly, the spatial distribution of R99p_tot over IGP during the historical period has been discussed in 
Figures 6p–6t. Observations reported 14%–16% or more R99p_tot over upper IGP while 10%–13% and 8%–11% 
of R99p_tot over central and lower IGP regions during the historical period (Figure 6p). The RegCM_EIN75 
satisfactorily reproduces the R99p_tot pattern over upper (14%–16%) and lower IGP (9% or less) but with slight 
underestimations (Figure 6q). Another member RegCM_MPI also follows the observed pattern but shows under-
estimations along entire IGP in simulating R99p_tot similar to previously discussed indices where the fraction 
among wet days has been considered. As far as RegCM_MIROC is concerned, its performance is very close to 
as that of RegCM_EIN75 (Figure 6s). However, it shows some improvements by showing 12%–14% of R99p_tot 
over central IGP regions as compared with previously discussed experiments. The last member in the row that 
is, RegCM_NOR shows remarkable improvements over entire IGP as it has shown for R90p_tot (Figure 6t). 
RegCM_NOR has reproduced 14%–15% or more, 10%–14% and 8%–13% of R99p_tot over upper, central and 
lower IGP regions respectively which is in close agreement with the observations.

Figures 7a–7e illustrates spatial distribution of R10 mm that is, the heavy rainfall days over IGP during the 
historical period. It can be noticed that R10 mm days ranging from 27 to 30, 18–27, and 15–18 or more over 
lower, central and upper IGP respectively have been observed (Figure 7a). The upper tail of the distribution lies 
over most of the lower IGP regions which gradually decreases as moving toward central and upper IGP regions. 
All of the RegCM4 members follow the observed pattern but with some uncertainties (Figures 7b–7e). The 
RegCM_EIN75 performs satisfactorily over upper and lower IGP regions except few eastern regions of lower 
IGP where it shows an underestimation (21–27 days) during the historical period (Figure 7b). Another member 
RegCM_MPI shows similar performance as that of RegCM_EIN75 over upper and lower IGP (Figure  7c). 
However, it shows huge overestimation over central and some north-lower IGP regions during the historical 
period. Similarly, the experiment RegCM_MIROC also performs satisfactorily over upper IGP but its perfor-
mance gets deteriorated over lower and central IGP regions. The RegCM_NOR underestimates R10 mm days 
over south-lower IGP regions by a huge amount as compared with the observations (Figure 7e). Surprisingly, it 
shows improved pattern over some isolated central IGP regions. Similarly, Figures 7f–7j represents the spatial 
distribution of R20  mm  days over IGP during the historical period. Observations depicted 14–17, 8–14, or 
more days over lower and central IGP respectively while 2–11 days over upper IGP regions during the period 
(Figure 7f). The RegCM_EIN75 performs satisfactorily over upper (2–11 days) and central (8–14 days) IGP 
but its performance gets deteriorated over lower IGP where it shows a huge underestimation (5–11 days) of 
R20  mm  days (Figure  7g). Another member RegCM_MPI performs satisfactorily as compared to the other 
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members and has reproduced 8–14 and 2–8 of R20 mm days over central and upper IGP which is in accordance 
with the observations (Figure 7h). Similarly, other members in the row that is, RegCM_MIROC and RegCM_
NOR illustrates similar results and their performance is slightly poor over lower and central IGP regions where 
they have shown 5–14 R20 mm days (Figures 7i and 7j). Though, performance of RegCM_MIROC is somehow 
satisfactory over upper and northern regions of central and lower IGP. The overall analysis suggests that all the 
RegCM4 experiments are able to simulate the pattern of R10 mm and R20 mm days over IGP and RegCM_MPI 
followed by RegCM_EIN75 have performed robustly as compared to the other members. Figures 7k–7o illus-
trates distribution of 1 day maximum rainfall that is, Rx1day over IGP regions during the historical period. 
Observations have reported 70–90 mm or more Rx1day over most of the lower and central IGP regions. However, 
upper IGP and southern regions of central IGP have shown 55–70 mm of Rx1day during the period (Figure 7k). 
As far as modeling aspects are concerned, the RegCM_EIN75 performs satisfactorily over upper (50–65 mm) 
and central (75–90 mm) IGP but it shows huge underestimation over lower and south-central IGP in simulating 
Rx1day (Figure 7l). Another member RegCM_MPI performs satisfactorily over most of the IGP regions and 
has reproduced more realistic patterns than RegCM_EIN75 (Figure 7m). Also, RegCM_MPI shows improved 

Figure 7. Same as Figure 5 but for rainfall climate indices namely (a–e). R10 mm (days) (f–j). R20 mm (days) (k–o). Rx1day (mm) (p–t). Rx5day (mm) over 
Indo-Gangetic Plain during the historical period (1986–2005).



Earth and Space Science

PANT ET AL.

10.1029/2022EA002741

13 of 23

simulations over south-lower IGP regions with 65–90 mm of Rx1day during 
the historical period. The RegCM_MIROC also depicts similar pattern as 
that of RegCM_EIN75 with some improvements over central IGP whereas 
underestimations over southern IGP.  The last member in the row that is, 
RegCM_NOR shows improved patterns over some isolated southern lower 
IGP but it underestimates the Rx1day over almost entire IGP as compared 
with the observations (Figure 7o). Similarly, the distribution of Rx5day that 
is, maximum 5-day rainfall over IGP region during the historical period have 
been illustrated in (Figures 7p–7t). Observations reported 100–125 mm of 
Rx5day over northern lower and central IGP region while rest of lower and 
central IGP have shown 75–100 mm during the period (Figure 7p). Further, 
25–75 mm or more Rx5day can be noticed over the upper IGP region. The 
RegCM_EIN75 performs satisfactorily over upper (25–75 mm) and north-
ern regions of central IGP (75–125 mm) in simulating Rx5day (Figure 7q). 
However, it shows lesser (25–75 mm) Rx5day over rest of the IGP regions 
as compared with observations. Another member in the row, RegCM_MPI 
depicts more realistic pattern of Rx5day over entire IGP as compared to 
the other members (Figure  7r). In another experiment, RegCM_MIROC 
reproduces similar pattern as that of previously discussed experiments. 
However, it shows slight overestimation (∼100 mm) over northern regions 
of lower and central IGP (Figure 7s). Similarly, the member RegCM_NOR 
(Figure 7t) also reproduces the pattern of Rx5day but with least accuracy as 
compared to the other considered RegCM4 experiments during the histor-
ical period.

3.4. Model Ranking Classification Based on Threshold Estimation

The earlier discussion suggested that all the RegCM4 experiments have 
capability to reproduce the spatio-temporal patterns of different climate 
indices but it is difficult a little bit to choose single experiment or member 
for the projections of different climate indices. Therefore, to reduce uncer-
tainties in future projections the percentage departure from area averaged 
mean thresholds of different climate indices (simulated in different RegCM4 
experiments) have been listed in Table  3. For each of the climate indices 
the ranking (1–4) has been assigned to each RegCM4 member based on its 
performance in simulating the different climate indices over IGP. It can be 
seen that RegCM_MPI followed by RegCM_EIN75 shows least departure 
(as compared to the observations) among all the considered experiments and 
have been marked as Rank 1 and 2, respectively, while RegCM_MIROC and 
RegCM_NOR stands at Rank 3 and 4 respectively in simulating the R90p, 
R99p, SDII, R20 mm distributions over IGP. Similarly, the order of perfor-
mance ranking has been found as RegCM_NOR (Rank 1), RegCM_MIROC 
(Rank 2), RegCM_EIN75 (Rank 3) and RegCM_MPI (Rank 4) in reproduc-
ing the patterns of WD, R90pdays, R99pdays, R90ptot and R99ptot climate 
indices during the historical period. In simulating the pattern of R10 mm, 
the member RegCM_EIN75 followed by RegCM_MIROC shows the least 
departure from observed thresholds and stands at Rank 1 and 2, respectively. 
The performance of different RegCM4 experiments in simulating indices 
namely, Rx1day and Rx5day has been found to be Rank 1–4 as RegCM_MPI, 
RegCM_MIROC, RegCM_EIN75 and RegCM_NOR respectively. There-
fore, based on their performance, the RegCM_MPI projections of climate 
indices R90p, R99p, SDII, R20 mm, Rx1day and Rx5day while RegCM_
NOR projections of WD, R90p_days, R99p_days, R90p_tot, R99p_tot will 
be considered.

Table 3 
Ranking of RegCM4 Experiments Performance Based on Relative Departure 
in Mean Thresholds of Different Climate Indices as Compared With 
Observations During the Historical Period

S.No.
Climate 
indices

RegCM4 
experiments

Relative departure in 
mean thresholds (%) Rank

1 R90p RegCM_EIN75 −9.52 2

RegCM_MPI −9.41 1

RegCM_MIROC −23.81 3

RegCM_NOR −33.33 4

2 R99p RegCM_EIN75 −23.88 2

RegCM_MPI −22.39 1

RegCM_MIROC −25.37 3

RegCM_NOR −34.33 4

3 WD RegCM_EIN75 49.12 3

RegCM_MPI 66.67 4

RegCM_MIROC 47.36 2

RegCM_NOR 26.316 1

4 SDII RegCM_EIN75 −29.73 2

RegCM_MPI −29.53 1

RegCM_MIROC −36.8 3

RegCM_NOR −40 4

5 R90p_days RegCM_EIN75 −40 3

RegCM_MPI −48 4

RegCM_MIROC −40 2

RegCM_NOR −24 1

6 R99p_days RegCM_EIN75 −25 3

RegCM_MPI −35 4

RegCM_MIROC −20 2

RegCM_NOR −5 1

7 R90p_tot RegCM_EIN75 −22.95 3

RegCM_MPI −32.79 4

RegCM_MIROC −22.95 2

RegCM_NOR −14.75 1

8 R99p_tot RegCM_EIN75 −23.08 3

RegCM_MPI −30.77 4

RegCM_MIROC −15.38 2

RegCM_NOR −7.69 1

9 R10 mm RegCM_EIN75 0.912 1

RegCM_MPI 23.01 3

RegCM_MIROC −12.7 2

RegCM_NOR −30 4

10 R20 mm RegCM_EIN75 −46.59 2

RegCM_MPI −45.11 1

RegCM_MIROC −52.89 3

RegCM_NOR −70.37 4
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3.5. Projected Changes in Rainfall Patterns and Various Climate 
Indices Under High Emission RCP8.5 Scenario

3.5.1. Temporal Variation in Future Projected Annual and Seasonal 
(JJAS) Rainfall Distribution

The temporal distribution of annual and ISMR (JJAS) mean rainfall over 
IGP during three different time slices considered in the present study have 
been shown in Figures 8a and 8b. Observations (IMD) reported a variation 
of about 2–4 mm/day in mean annual rainfall over IGP during the historical 
period (Figure 8a). All the RegCM4 experiments follow the observed pattern 
with overestimated amount of 2–5 mm/day throughout the period. In future 
projections of annual mean rainfall, it can be seen that in each RegCM4 
experiment, on average the fluctuations remain similar to that during the 
historical period. However, a slight enhancement during NF and a very slight 
decline in mean rainfall can be seen in FF projections. Similarly, the tempo-
ral variation in observed and RegCM4 simulated seasonal JJAS rainfall has 
been illustrated in Figure 8b. The observed pattern shows that the rainfall 
during JJAS lies between 6 and 9.5 mm/day during the historical period. All 

Table 3 
Continued

S.No.
Climate 
indices

RegCM4 
experiments

Relative departure in 
mean thresholds (%) Rank

11 Rx1day RegCM_EIN75 −17.72 3

RegCM_MPI −13.75 1

RegCM_MIROC −15.75 2

RegCM_NOR −24.51 4

12 Rx5day RegCM_EIN75 −17.72 3

RegCM_MPI −13.68 1

RegCM_MIROC −15.75 2

RegCM_NOR −24.51 4

Note: The bold values indicate the best performing member in simulating the 
concerned climate indices.

Figure 8. Temporal variation of observed and RegCM4 simulated/projected mean rainfall (a). Annual and (b). Seasonal (JJAS) over Indo-Gangetic Plain during the 
three different time slices: historical (1986–2005), near future (NF; 2041–2060) and far future (FF; 2080–2099).
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the considered RegCM4 members have satisfactorily simulated the JJAS rainfall pattern over IGP but with some 
overestimation/underestimation ranging from 4 to 11 mm/day. The members RegCM_EIN75 and RegCM_MPI 
have reproduced the rainfall pattern reasonably well during the historical period. The future projections have 
shown very slightly declining JJAS rainfall patterns (within range the 4–10 mm/day) however, with in-between 
fluctuations during NF. The FF projections of RegCM4 suggest a gradual decline ranging from 2.5 to 8.5 mm/
day or less in JJAS rainfall over IGP. The decreasing patterns are more prominent during the period afterward 
2084 (encircled). The overall comparative assessment suggests a very slight change in annual mean rainfall but a 
huge decline in mean ISMR rainfall (especially during FF) over IGP. Also, results indicate an increase in rainfall 
activities over IGP during earlier or later months than JJAS of the year. Some studies have shown similar evidence 
in support of a decline in ISMR due to the weakening of monsoon circulation with onset delays and an increase in 
rainfall during post-ISM months in future under high emission scenario (Ashfaq et al., 2021; Shahi et al., 2021).

3.5.2. The Projected Changes in Various Climate Indices in NF and FF

The relative changes (%) in RegCM4 projected patterns of various climate indices during NF and FF (under high 
emission RCP8.5 scenario) as compared with the historical period has been illustrated in Figures 9 and 10. For 
that purpose, the previous discussion (Table 3) has been considered for the rectification among various RegCM4 
experiments based on their rank as per the performance in simulating mean thresholds of various climate indices 
during the historical period. Therefore, only the model which has secured rank 1, has been considered for the future 
projection of respective climate indices. The distribution of RegCM4 projected R90p shows 7%–14% of decline over 
almost the entire IGP during NF (Figure 9a). However, a slight increase over some lower IGP regions can be noticed. 
The decreasing tendency of R90p seems to be continued as FF projections of RegCM4 suggest a very huge decline 
over most of the IGP regions ranging from 21% to 35% or more while a slight decline over fewer lower IGP regions 
as compared with the historical period (Figure 9b). Also, the projected differences during FF as compared to the NF 
depict huge decline (21%–35%) over upper IGP and northern regions of central and lower IGP (Figure 9c). Further, 
moderate to high decreases over southern regions of central and lower IGP have been projected. The projected distri-
bution of R99p shows the opposite scenario as that of R90p and suggests huge enhancement over most of the upper, 
north-central and north-lower IGP (Figure 9d). Though, a slight decrease over some southern regions of central IGP 
during NF has been projected. As far as FF projections are concerned, a slight decline (7%–14% or more) over most 
of the IGP regions except a few upper, northern IGP and some of southern lower IGP regions where enhancement 
(21%–35%) in R99p can be noticed (Figure 9e). Further, the comparative changes in FF than NF suggests moderate to 
high decrease over entire IGP except few lower regions where a rising pattern of R99p has been projected (Figure 9f). 
The projected relative changes in R90p and R99p during NF and FF suggest the rapid enhancement in heaviest rain-
fall activities (R99p) while the decline in heavy rainfall (R90p) activities over IGP. However, an increase in R99p is 
much more prominent during NF than FF. Similarly, the distribution of R90p_days illustrates a projected increase 
over central IGP and south-upper IGP ranging from 7% to 21% whereas a slight decline (7%–14%) over lower and 
some upper IGP regions during NF (Figure 9g). Surprisingly, contrary to the R90p pattern the FF projections of 
R90p_days show a moderate to high increase (7%–28% or more) in R90p over the almost entire IGP (Figure 9h). 
Also, the changes during FF as compared with NF depicted a rise (7%–14%) in R90p_days over most of the central 
and lower IGP while a moderate decline of nearly 7% over the upper IGP region (Figure 9i). The distribution of rela-
tive changes in R99p_days (as compared with historical period) also illustrates the similar projected pattern as that of 
R90p_days over entire IGP region during NF (Figure 9j). However, the rise (21%–35%) in R99p_days over southern 
upper and central IGP and the decline (14%–28%) over north-western regions of upper IGP have been projected. The 
FF projections also suggest a similar R99p_days pattern as that of R90p_days over the entire IGP with amplified 
increase/decrease over the concerned region and sub-regions (Figure 9k). Further, it can be noticed that the distribu-
tion of R90p_days and R99p_days is very non-uniform and scattered over the entire IGP. The difference during FF 
as compared to NF also suggests enhancement (7%–28%) over most of the central and lower IGP while  moderate to 
high decline (7%–21%) over the upper IGP region (Figure 9l). The projected increase in R90p_days and R99p_days 
over most of the IGP region resembles the studies of Kumar et al. (2011) and Rai et al. (2020) where rising trends 
and projections of very wet days have been found in different model simulations over India.

The distribution of rainfall contribution from heavy and extremely heavy rainfall days that is, R90p_tot and 
R99p_tot respectively have been shown in Figures 9m–9r. The pattern of R90p_tot suggests moderate to higher 
enhancement ranging from 7% to 28% over most of the IGP (specially over central IGP) during NF as compared 
to the historical period (Figure 9m). However, some extreme north and south regions of upper and lower IGP 
respectively, shows slight decrease ∼7% during the period. Similarly, the R90p_tot distribution shows higher 
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Figure 9. The spatial distribution of RegCM4 Projected relative changes (in %) under RCP8.5 scenario in various climate indices namely (a–c). R90p (d–f). R99p 
(g–i). R90p_days (j–l). R99p_days (m–o). R90p_tot (p–r). R99p_tot during near (NF-hist) and far future (FF-hist) as compared to the historical period and during far 
future as compared to the near future (FF-NF).
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Figure 10. Same as Figure 9 but for climate indices namely (a–c). WD (d–f). SDII (g–i). R10 mm (j–l). R20 mm (m–o). Rx1day (p–r). Rx5day.
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enhancement 7%–28% or more over almost entire IGP except extreme north-upper IGP where a small decrease 
nearly 7%–14% during FF have been projected (Figure 9n). Also, the projected changes over IGP region shows 
enhancement (7%–21%) during FF as compared to the NF with higher amount (∼14–21%) over lower IGP 
regions (Figure 9o). The RegCM4 projected pattern of R99p_tot depicts huge enhancement 21%–35% or more 
over most of the central IGP regions in NF (Figure 9p). Also, some south-upper IGP and north-lower IGP region 
shows moderate to high increase (14%–28%) in R99p_tot. Further, a decline 7%–28% over some isolated places 
of northern upper IGP and southern lower IGP have been projected in NF as compared with historical period. The 
FF projections of R99p_tot depicted similar pattern as that of during NF over entire IGP but with higher enhance-
ment >35% over entire IGP region (Figure 9q). The projected changes during FF relative to the NF have shown 
moderate to high increase (7%–28%) over some north-central, south-upper and lower IGP regions (Figure 9r). 
However, a slight decline in R99p_tot (7%–21%) over south-central IGP regions have been projected during FF 
as compared with NF. The overall discussion suggests an increase in 90th and 99th percentiles of rainfall days 
and their contribution in ISMR over IGP under high emission RCP8.5 scenario. Some earlier researchers have 
proposed enhancement in extreme rainfall events over India and MCR during ISM season under warming future 
scenarios (Mukherjee et al., 2018; Pachauri et al., 2014; Sharmila et al., 2015) which also reflects in current study 
over IGP region.

In continuation to Figure 9, Figure 10 illustrates the relative changes in remaining climate indices during future 
time slices. The projected changes in WD suggest a slight to large decline (7%–14%) over central IGP while a 
slight increase over upper (14%) and lower IGP (7%) regions during NF as compared with the historical period 
(Figure 10a). Also, the RegCM4 FF projections show a moderate to higher decline (7%–21%) in WD over central 
IGP whereas higher increase (14%–21%) over some upper IGP regions (Figure  10b). However, the situation 
over the lower IGP region gets reversed during FF as compared with NF and a slight decline (7%) in WD can 
be noticed which also can be seen in the relative differences between FF-NF (Figure 10c). The decrease in WD 
resembles the study of Maharana et al. (2020) where they found a shift toward an arid climatic regime over almost 
the entire IGP region. Also, a study of Dash and Maity (2019) have found a decreasing trend in WD spells over 
the entire country during the recent decades. The distribution of mean or simple daily intensity that is, SDII shows 
moderate enhancement over most of the upper, central IGP regions during NF (Figure 10d). However, a moder-
ate decline in SDII over most of the lower IGP regions has been projected. Further, the FF projections of SDII 
suggest 7%–21% of decrease over most of the lower and south-eastern central IGP regions (Figure 10e). A slight 
to higher increase (7%–28%) over some isolated regions in upper and north-central IGP can be noticed. A similar 
situation as that of FF-hist can also be noticed over entire IGP as far as the relative changes FF-NF are concerned 
(Figure 10f). The above analysis suggests that the number of WD and SDII may decrease over most of the IGP 
regions during JJAS in future under the high emission RCP8.5 scenario. Further, these results imply a decline in 
ISMR and possible shifts in monsoon and its features toward the later months of the year during the future under 
warming conditions (as discussed earlier in Section 3.5). The slight enhancement of WD and SDII over western 
IGP regions resembles the study of N. Singh and Sontakke (2002) where they proposed an increasing (decreas-
ing) trend in ISMR over west (east) IGP regions.

The RegCM4 projected distribution pattern of changes in R10 mm days has been shown in Figures 10g–10i. Most 
of the IGP regions depicted enhancement (7%–28%) in the number of R10 mm days except a few southern-lower 
IGP regions where a very slight decrease of ∼7% in R10 mm days have been projected during NF as compared 
with historical period (Figure 10g). Surprisingly, the pattern of R10 mm gets reversed in RegCM4 FF projec-
tions as compared to the pattern during NF (Figure 10h). A moderate to higher decline (7%–35%) in number of 
R10 mm days over most of the IGP except few southern lower IGP regions where a slight increase of ∼ 7–21% 
have been projected during FF. The relative changes in FF as compared to NF also depicted a higher decline 
over most of the upper and central IGP while a rise over extremely lower IGP regions (Figure 10i). Similarly, 
the distribution of projected changes during NF in the number of R20 mm days shows a moderate to higher 
increase (7%–28%) over lower and some isolated upper IGP regions (Figure 10j). However, 7%–21% decrease 
over most of the central and extreme north-lower IGP has been projected during NF. Further, the FF projections 
of R20 mm suggest a 14%–35% or more decline in R20 mm days over almost entire IGP with massive changes 
being over northern regions of central and lower IGP (Figure 10k). However, a slight increase of ∼7% have been 
projected over some isolated places over lower and upper IGP during FF. The relative difference in the number 
of R20 mm days during FF-NF also depicted moderate to higher (14–28 or more) decline over entire IGP region 
(Figure  10l). The decline in WD, R10  mm and R20  mm may be a manifestation of enhanced atmospheric 



Earth and Space Science

PANT ET AL.

10.1029/2022EA002741

19 of 23

aerosol over IGP and Indian ocean warming which causes a reduction in mean rainfall (Bollasina et al., 2011; 
V. Mishra et al., 2016). Also, evidence have been found in support of the weakening of monsoon circulation 
and delayed onsets over India (Shahi et al., 2021). The distribution of Rx1day shows very higher enhancement 
(21%–35% or more) over almost the entire IGP except for southern regions of central and lower IGP where 
moderate to higher (7%–28%) decline can be noticed in NF (Figure 10m). Further, the FF future projections 
suggest a scattered pattern with higher enhancement (21%–35% or more) over north-western, south-lower IGP 
and Himalayan foothill regions (Figure 10n). However, the rest of the regions have shown a moderate decline 
in Rx1day over IGP. The difference FF-NF depicts a moderate to higher decline in Rx1day over most of the 
upper and central IGP while massive enhancement over south-lower IGP regions (Figure 10o). The changes in 
Rx5day (Figure 10p-r) also a depict similar pattern as that of Rx1day over the entire IGP region during both the 
future time slices (NF & FF). The enhancement in extreme indices (RX1day and Rx5day) over foothills may be 
the manifestation of increased atmospheric aerosols under higher emission conditions (Choudhary et al., 2020; 
Lau et al., 2017).

4. Summary and Conclusions
This study accesses the characteristics of ISMR and associated extremes along with their possible future aspects 
over one of the most fluvial fertile lands across the globe. For that purpose, the second generation CORDEX-CORE 
simulations of RegCM4.7 have been considered. The RegCM4 with different forcings is able to produce the 
rainfall pattern satisfactorily along with its zonally distributed characteristics over the IGP region during the 
historical period. However, the statistical analysis suggests RegCM4 with forcings EIN75 and MPI-ESM-MR 
followed by MIROC5 and Nor-ESM performs robustly in simulating the rainfall patterns over the IGP.  The 
RegCM4 has performed reasonably well in reproducing the patterns of various rainfall climate indices over IGP 
during the historical period. However, the overestimation of WD that is, the total number of wet days in RegCM4 
simulations can be noticed which attributes to the inherent uncertainty in forcing data sets. Further, some extreme 
indices such as 90th and 99th percentiles of the distribution have shown maximum values near the Himalayan 
foothills which may be due to the increased aerosol accumulation over IGP.

The selection of RegCM4 member for the sake of future projections have been done by labeling a rank (1–4) 
based on the performance of an individual in simulating the area-averaged mean thresholds of indices during 
the historical period. The RegCM4 with the forcings MPI-ESM-MR and Nor-ESM have shown the least bias 
among all the members in simulating thresholds of different climate indices during the historical period. The 
future projections suggest slight variations in yearly mean rainfall while a huge decline in mean ISMR over IGP 
especially during FF. Also, the decline in the number of WD and SDII in the range of 7%–21% over the entire 
IGP except few western regions where increase ranging from ∼14% has been projected. The increasing WD and 
SDII over the western region may be an indication of changes from an arid to a humid regime. The contribution 
of 90th and 99th percentile that is, the upper tail or extreme rainfall days and their contribution in total ISMR may 
enhance by 7%–21% and 14%–35% respectively in future under high emission RCP8.5 scenario as can be seen in 
the projected patterns of R90p_days, R99p_days, R90p_tot and R99p_tot indices. The other extreme indices such 
as maximum 1-day and 5-day rainfall are also seeming to be intensified by 21%–35% over most of the IGP except 
lower IGP regions during the future under intense warming conditions. Focusing on the sub-regional scale, most 
of the extreme indices associated with 90th and 99th percentile of distribution show higher enhancement over 
upper and central IGP in future time slices. In addition to that massive increase in extremes has been projected 
over Himalayan foothills that is, the northern belt of almost the entire IGP region which may be a manifestation 
of enhanced anthropogenic aerosols under the RCP8.5 scenario. Contrary to that, over the lower IGP regions, a 
moderate to higher decline in extreme indices has been projected. Further, it has been found that the enhancement 
in these indices is less prominent during FF than in NF. These results indicate that there may be a weakening of 
monsoon circulations and a possible shift in monsoon season (other than JJAS months) over IGP in a warming 
climate. This study provides an overall assessment of ISMR characteristics and associated extremes over IGP in 
present as well as its possible future aspects under the high emission RCP8.5 scenario. The calculated thresholds 
of extreme indices may be used to define the regional criteria to define extreme rainfall events over IGP. The 
fertile land of IGP is the main source of food-grain and water supply for the huge Indian population, the outcomes 
of this study on IGP can be used as a reference to the policymakers to implement location-specific adaptation and 
mitigation measures.
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