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Abstract

The Indo-Gangetic Plain (IGP), the source of grains for around 40% Indian population, is known as the breadbasket of
India. The Indian Summer Monsoon Rainfall (ISMR) plays a vital role in the agricultural activities in this region. The rapid
urbanization, land use and land cover change have significantly impacted the region’s agriculture, water resources, and socio-
economic facets. The present study has investigated the observed and regional modeling aspects of ISMR characteristics,
associated extremes over the IGP, and future perspectives under the high-emission RCP8.5-scenario. Future projections
suggest a 10-20% massive decrease during pre-monsoon (March-May) and earlier ISM season months (i.e., June and July).
A significant 40-70% decline in mean monsoon rainfall during the June—July months in the near future (NF; 2041-2060)
has been projected compared to the historical period (1986-2005). An abrupt increase of 80—170% in mean monsoon rain-
fall during the post-monsoon (October—December) in the far future (FF; 2080-2099) is also projected. The distribution of
projected extreme rainfall events shows a decline in moderate or rather heavy events (5 or more) in NF and FF. Further, an
increase in higher rainfall category events such as very heavy (5-10) and extremely heavy rainfall (5 or more) events in NF
and FF under the warmer climate is found. However, the changes are less prominent during FF compared to the NF. The
mean thresholds for extremely heavy rainfall may increase by 1.9-4.9% during NF and FF. Further, the evolution patterns
of various quantities, such as tropospheric temperature gradient (TG), specific humidity, and mean sea level pressure, have
been analyzed to understand the physical processes associated with rainfall extremes. The strengthening in TG and enhanced
atmospheric moisture content in NF and FF support the intensification in projected rainfall extremes over IGP.

Keywords Monsoon extreme - Indian summer monsoon rainfall (ISMR) - Indo-Gangetic Plain (IGP) - REGional Climate
Model v 4.7 (RegCM4.7) - RCP8.5 scenario - CORDEX-CORE

1 Introduction
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The Indian summer monsoon (ISM) season consists of dif-
ferent epochs, including evolution, advancement, and with-
drawal (Rajeevan et al. 2010; Bhatla et al. 2016), determin-
ing rainfall amount and duration across India. Moreover, the
rainfall during the ISM season undergoes temporal and spa-
tial variations, making the ISM system complex, engaging,
and essential (Gadgil 2003). Several modeling approaches
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are considered to understand the monsoon dynamics and
impact of climate change using the global (e.g., Parth Sarthi
et al. 2015, 2016) and regional climate model (Sinha et al.
2013; Bhatla et al. 2016; Ghosh et al. 2019, 2022, 2023;
Dash et al. 2015; Verma and Bhatla 2021; Shahi et al. 2021).
They conclude that the dynamics of the ISM circulation are
greatly influenced by various factors spanning from global
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scales, such as El-Nino Southern Oscillations (ENSO), to
regional scales, including topography, land use, urbaniza-
tion, and aerosols. The rise of greenhouse gas (GHG) levels
disrupts atmospheric thermodynamic and dynamic pro-
cesses, leading to abnormal alterations in regional and global
monsoon systems (Field et al. 2012). The Indo-Gangetic
Plain (IGP) region of India could be the best example to
see this impact as this region is of great relevance to South
Asia’s food security as it contributes a significant share
of the national GDP of the country India and is popularly
known as the "Food Basket of India" (Koshal 2014). Any
discrepancy in the rainfall pattern may negatively affect
agriculture, the economy, and the population of the region.

The access to the ISM circulations and patterns along
with associated inter-annual and intra-seasonal variations
using regional climate model (RegCM) over the Coordinated
Regional Climate Downscaling Experiment (CORDEX;
22 °S-50°N; 10°E-130°E) region has been considered by
many researchers (Dash et al. 2015; Bhatla et al. 2016, 2018,
2019; Das et al. 2020; Rai et al. 2020; Ghosh et al. 2019,
2022, 2023). They suggest an improvement in the model’s
performance in simulating the rainfall characteristics by
using the concept of mixing of the parameterization over
the subcontinent (Giorgi et al. 2012), and successfully set
up the experiment to understand the seasonal and intrasea-
sonal monsoon characteristics over India (Bhatla et al. 2016;
Ghosh et al. 2019, 2022, 2023; Sinha et al. 2019; Mishra
et al. 2020; Shahi et al. 2021; Verma and Bhatla 2021;
Verma et al. 2021) and over the monsoon core region (MCR)
(Ghosh et al. 2019). Ngo-Duc et al. (2017) and Pant et al.
(2022, 2023) have employed the same regional model over
Southeast Asia CORDEX domain and found that RegCM
can reproduce climate extremes over a complex topography.
Recently, Shahi et al. (2021) have proposed that RegCM
can simulate the projected rise in extreme rainfall events
over India and MCR in the future under intense warming
scenarios (refer to Figs. 5 and 12). Using the updated version
of the RegCM, Pant et al. (2022) have found the model’s
suitability in capturing the extreme event over the Indian
subcontinent, which further motivates to focus on capturing
the localized extreme rainfall events during the monsoon
season (Pant et al. 2023). They successfully implemented the
mixed parameterization concept in RegCM4.7 to capture the
localized extreme rainfall events over the region, like IGP.
However, these studies highlight the suitability of regional
evaluation, but socio-economically important part like IGP
has received less attention to date.

In the last few years, the country has faced several dev-
astating rainfall events, affecting millions of lives. Several
studies have shown a linkage between the increase in the
number of extreme events and global climate warming, as
the warming leads to the enhancement of moisture content in
the atmosphere (Goswami et al. 2006; Rajeevan et al. 2008;
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Ajayamohan and Rao 2008; Ghosh et al. 2012; Tabari 2020).
The long-term studies of global surface soil moisture, pre-
cipitation, evapotranspiration, and vegetation index have
shown that about 48% of vegetated areas experienced dry-
ing. In comparison to it, 9% showed wetting patterns in the
past 40 years. Decreasing precipitation and increasing evap-
otranspiration associated with drying soil indicate potential
challenges for future global soil water management (Piao
et al. 2009; Lal et al. 2023). The moisture flux convergence
is found to be more influential for heavier rainfall probabili-
ties, in contrast, soil moisture has a weaker effect on rainfall
probability, particularly for intermediate-to-heavy rainfall
events (Wei et al. 2016).

In recent decades, enhanced irregularity and variability
in ISM rainfall (ISMR) have amplified the frequency and
intensity of extreme events like floods and droughts (Anna-
malai and Sperber 2005; Lau and Waliser 2011). Roxy et al.
(2017) have found evidence of a gradual decline of about
10-20% in ISMR and a three-times increase in extreme
rainfall over the MCR. By using the India Meteorological
Department (IMD)’s criteria for rain (see Sect. 2), Pattan-
aik and Rajeevan (2010) have found a significant decreas-
ing trend in moderately heavy rainfall events. In contrast,
extremely heavy rainfall events have shown an increasing
trend in India. The 2005 Mumbai floods (Kumar et al. 2008;
Pant et al. 2022), the 2013 Uttarakhand disaster (Joseph
et al. 2015), the India-Pakistan floods in 2014, the 2015
Chennai flood (Boyaj et al. 2018), and the Kerala floods in
2018 (Mishra and Shah 2018) are some of the examples of
most annihilating extreme rainfall events in the history of
the country. The decrease in mean ISMR and increase in
heavy rainfall episodes can be attributed to Indian Ocean
warming, land use change, convective available potential
energy increase, low-level moisture convergence, more fre-
quent ENSO events, and increased atmospheric aerosols
(Kulkarni 2012; Kumar et al. 2006; Roxy et al. 2014, 2015;
Singh et al. 2014). In addition, Nikumbh et al. (2019) have
suggested a low-pressure monsoon system to significantly
increase occurrences of widespread heavy rainfall episodes
across the country. Therefore, more attention toward climate
projections of changes in rainfall patterns and associated
extreme under-warming scenarios is necessary (Field et al.
2012; Collins et al. 2013).

The ISMR variability and associated features over the
IGP regions are well documented by Kothyari et al. (1997);
Sinha and Jain (1998); Adel (2002); Singh and Sontakke
(2002). A significant shift towards western regions in rainfall
and heavy rainfall activities has also been found over the
IGP (Singh and Sontakke 2002). Bhatla et al. (2019) have
studied the long-term trends in different category rainfall
events over IGP and have found moderate rainfall events
(36.5-64.4 mm or less) show increasing trends, whereas
heavy (64.5-124.4 mm) to very heavy (124.5-244.4 mm)
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rainfall events reported decreasing over the IGP during
the period 1901-2010. Pant et al. (2023) have presented a
detailed rainfall assessment by using various climate indi-
ces and found projected enhancement in 90th and 99th
percentile rainfall days, whereas a decline in the number
of wet days and mean ISMR with RegCM4.7 in the future
under high-emission RCP8.5 scenario. However, changes
in the frequency and intensity of extreme rainfall events,
changes in seasonal extreme rainfall patterns, and governing
physical processes over IGP in a warming climate remain
largely unrecognized. The model capacity in recognizing
the IMD’s categorical extremes is another remaining part yet
to be investigated over the important region like IGP. Fur-
thermore, how climate change affects the summer monsoon
extreme rainfall pattern over the IGP needs critical attention.
Considering these factors, an attempt is made to investigate
the monsoon rainfall in point of the historical and future
aspects and associated extremes under the high-emission
scenario (RCP8.5). In that view, the authors have investigate
the past and future perspective of seasonal rainfall patterns
and extreme rainfall events using RegCM4.7 over the IGP
region, which is 13% of the total geographical area of the
country and extends up to the northern, central, and eastern
regions and presents the place of importance by itself for
India.

2 Model description, data,
and methodology

2.1 Model description

The present study utilizes the 4.7 version of the Regional
Climate Model (i.e., RegCM4.7) developed at Abdus
Salam International Centre for Theoretical Physics (ICTP).
Being a limited area sigma-coordinate model, RegCM4.7
has been extensively downscaled over the south Asia COR-
DEX domains to access the climatic information at the
regional scale (Giorgi et al. 2012). For the representation

Table 1 Detailed RegCM4.7 model description

of the land surface processes, RegCM4.7 has been coupled
with the Community Land Model version 4.5 (CLM4.5;
Oleson et al. 2013). Subgrid Explicit Moisture Scheme
(SUBEX) is considered a large-scale precipitation scheme
(Pal et al. 2000), whereas the Planetary Boundary Layer
(PBL) scheme is given by Grenier and Bretherton (2001).
Additional model configuration details have been listed in
Table 1 and described by Elguindi et al. (2013).
Sharmila et al. (2015) found that the simulations of
MPI_ESM-MR, MIROCS, and NOR-ESM1-M GCMs
provide a more accurate depiction of the circulation fea-
tures of the ISMR characteristics. Therefore, only those
simulations denoted as RegCM_EIN75, RegCM_MPI,
RegCM_MIROC, and RegCM_NOR are considered for
this study. For this purpose, the initial and boundary con-
ditions (ICBCs) forced using the 6-hourly ICBCs obtained
from the European Center for Medium-Range Weather
Forecast (ECMWF) ERA-Interim (~ 0.75° x 0.75°) (here-
after EIN75), Max Planck Institute for Meteorology Earth
System Model MR (MPI-ESM-MR; Watanabe and Opper
2010) with resolution ~ 1.8° x 1.8°, Model for Interdisci-
plinary Research on Climate 5 (MIROCS; Stevens et al.
2013) with resolution ~ T85L.40 for atmosphere and ~ 1° X
1° for the ocean, and the Norwegian Earth System Model
(NOR-ESM1-M; Bentsen et al. 2013) with resolution ~ 2°
X 2° for atmosphere and ~ 1° X 1° for ocean. A previous
study by Ghosh et al. (2019) shows the importance of the
mix parameterization scheme, and the precaution from the
ICBC is considered for a reliable ISM simulation. Based
on their suggestion of a mixed parameterization scheme,
considering the Emanuel parameterization (Emanuel and
Zivkovié-Rothman 1999) over land and Tiedtke (Tiedtke
1989) over the ocean has employed for the cumulus con-
vection. The model is dynamically downscaled at 25 km
horizontal resolution and 23 vertical levels under COR-
DEX-CORE protocols. The model is set up with free run
using the EIN75 ICBCs from 1979, where the first 7 years
of simulation is considered the spin-up period for this
study. Further, for the GCM downscaling, the data sets

Model dynamics

Hydrostatic

Horizontal and vertical resolution
Initial and lateral boundary conditions
Sea surface temperature

Radiation scheme

Land surface model

Planetary boundary layer scheme (PBL)
Large —Scale Precipitation Scheme
Convective parametrization scheme

25 km with 23 vertical sigma levels

(1) EIN75, (2) MPI-ESM-MR, (3) MIROCS, and (4) NorESM1-M
EIN75

NCAR Community Climate Model 3 (CCM3; Kiehl et al. 1996)
Community land model version 4.5 (CLM4.5; Oleson et al. 2013)
Grenier and Bretherton (2001)

Subgrid Explicit Moisture Scheme (SUBEX) (Pal et al. 2000)

MIT Emanuel (Emanuel and Zivkovié-Rothman 1999) over land;
Tiedtke (1989) over ocean
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are available from 1970, thus first 16 years have been con-
sidered as the model spin-up time.

2.2 Data and methodology

The high-resolution (0.25° X 0.25°) gridded daily rainfall
data set provided by the IMD (Pai et al. 2014) is consid-
ered for the reference period of 19862005 and the model
validation. The three-time slices are chosen with 20 years
each, i.e., 1986-2005 for the historical and reference period,
2041-2060 for the near future (NF), and 2080-2099 for the
far future (FF) under RCP8.5 high emission scenario. The
model domain, topography (South-Asia CORDEX domain),
and the study region (i.e., IGP) have been shown in Fig. 1.

The model simulated annual cycle of rainfall is analyzed
with the monthly variation of rainfall over the IGP region.
The different category rainfall events, classified using the
IMD rainfall criteria, are counted by providing different
threshold values for each time period. Further, to under-
stand the occurrence of rainfall extremes and changes in NF
and FF over IGP, the composite patterns of tropospheric
temperature gradient (TG; between 700 hPa and 925 hPa),
specific humidity (hus; at 850 hPa), mean sea level pressure
(MSLP), and the wind (u &v, at 850 hPa) during extreme
rainfall days have been computed.

2.2.1 Classification of rainfall events

The identification and characterization of extreme rainfall
events are considered using the IMD’s criteria, where dif-
ferent category events based on rainfall reported in a day
have been defined (Source: http://imd.gov.in/section/nhac/

termglossary.pdf). The rainfall amount of 35.6-64.4 mm,
64.5-124.4 mm, 124.5-244.4 mm, and 244.5 mm or more
in a day are termed as rather heavy rainfall (RHR), heavy
rainfall (HR), very heavy rainfall (VHR) and extremely
heavy rainfall (EHR) events respectively (Barde et al. 2020)
(Table 2).

2.2.2 Diagnostic and model validation tools

Various statistical techniques are considered to evaluate
the model performance, namely the correlation coefficient
(CC), root mean square error (RMSE), and standard devia-
tion (SD). Further, the modified index of agreement (MD)
is considered to check the model skill. The probability den-
sity function (PDF) represents the distribution of extreme
rainfall events over the study region. The relative changes
in % are calculated to assess the rainfall amount changes in
the projected future. Further, the two-tailed Student’s t-test
hypothesis is considered to understand the significance level
of the model data (Fadem 2012).

Modified index of agreement (MD) The MD is one of the
most useful statistical techniques to measure model skills

Table2 The IMD’s criteria for different category rainfall events
(based on the total rainfall reported (mm) in a day

Descriptive term used Rainfall amount in mm

Rather heavy rainfall event 35.6-64.4
Heavy rainfall event 64.5-124.4
Very heavy rainfall event 124.5-244 .4
Extremely heavy rainfall event >244.5

32N 1

30N 1

R8N 1

26N

24N 1

22N 1

20E 40E 60E 80E 100E

[ 10 25 50

75 126 200 350 500 750 1000 1250 1500 1750 2000 2500 2800

120E 140E

Fig. 1 Topography of South-Asia CORDEX domain (22° S-50° N; 10° E-130° E) considered as a model domain. The small rectangular box

shows the study region (IGP) highlighted on the right side of the figure
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(Willmott 1981). The values for MD vary from 0 (no agree-
ment) to 1 (best agreement) and are given as,

>, | Obs; — Mod, |
>, | Mod, — Mod | + | Obs; — Obs |

MD=1-

where Obs stands for observations, Mod stands for model
simulations, while Obs and Mod are their average values,
respectively.

Probability density distribution function The normal dis-
tribution is the most useful continuous distribution among
all the distributions (Amin et al. 2016). The PDF of the nor-
mal distribution is given as,

_Lxzuy2
ez(a

0\/577

where u and o are the mean and standard deviation of the
population, respectively.

Relative changes The relative changes (in %) are cal-
culated to assess the variations/changes in rainfall amount
during the projected future time slices compared to the his-
torical period.

f@) =

Relative change (%) = Future.— Hfstorzcal x 100
Historical

3 Results and analysis
3.1 Model evaluation

The annual cycle of rainfall averaged over IGP during the
historical period (1986-2005) is illustrated in Fig. 2. IMD
Observation reports an increase in rainfall for June. It
reaches its maximum (9 mm/day) during July and decreases
after September. The figure shows that the IGP region

Annual cycle of rainfall
T T T T

.

— IMD

—— RegCM-EIN75
RegCM-MIROC |

——RegCM-MPI

RegCM-NOR

rainfall (mm/day)

L n | | | I | | |
Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
months

Fig.2 The annual cycle of observed as well as RegCM4.7 simulated
rainfall climatology (mm/day) for four different GCM forcing over
the IGP during the historical period of 19862005

receives maximum rainfall during June, July, August, and
September (JJAS), i.e., the ISM season. However, rainfall
amounts are greater in later monsoon months compared
to the earlier months, which can be explained by several
studies, and the authors have proposed a delay in monsoon
onset with a decline in ISMR (Ashfaq et al. 2021; Reshma
et al. 2021). All the considered RegCM4.7 experiments have
reproduced a similar pattern of rainfall satisfactorily. How-
ever, slight overestimation/underestimation (1-2 mm/day)
in rainfall amount exists during JJAS among all the RegCM
simulations compared to the observations. The downscaled
RegCM_EIN75 and RegCM_MPI show a more realistic pat-
tern. In contrast, the other two downscales, namely RegCM_
MIROC and RegCM_NOR, have shown an underestimation
(maximum rainfall ~7 mm/day) in simulating the maximum
rainfall during monsoon season. Further, each model’s per-
formance is similar and in accordance with the observation
during the winter and post-monsoon seasons. The overall
analysis suggests that among all the considered RegCM4.7
simulations, RegCM_EIN75 and RegCM_MPI have shown
the best skills in simulating the annual cycle of rainfall over
IGP during the historical period.

The validation of RegCM4.7 downscaling with different
forcing combinations has been illustrated in Fig. 3i—iii. The
spatial pattern of CC, RMSE, and SD of different model
simulations with IMD data during the historical period
(1986-2005) over IGP has been depicted in Fig. 3i. The
MD is printed in the panel. The RegCM_EIN75 has shown
0.9 or more CC over most regions, especially lower and
central IGP (Fig. 3ia). However, a lesser CC (< 0.6) can be
noticed over the upper IGP region. The RMSE, SD, and MD
values for RegCM_EIN75 are 1.78, 2.97, and 0.79, respec-
tively. The RegCM_MPI shows CC values ranging from 0.7
to 0.9 over most central and lower IGP regions (Fig. 3ib).
In contrast, it shows significantly less CC <0.6 over upper
IGP regions along with RMSE, SD, and MD values of 2.19,
3.60, and 0.71, respectively. The member RegCM_MIROC
shows CC ranging from 0.5 to 0.8 over most of the central
and lower IGP regions, while the upper parts depicted very
less CC (< 0.5) (Fig. 3ic). The RMSE and SD values are
1.78 and 2.97, respectively, while MD ~0.75 is found for the
RegCM_MIROC model. Similarly, RegCM_NOR shows the
CC range between 0.5 and 0.8 over some regions of central
IGP, whereas it shows significantly less CC over the upper
and lower IGP regions (Fig. 3id). The RegCM_NOR shows
RMSE, SD, and MD values of 1.95, 2.35, and 0.66, respec-
tively. The discussion suggests a satisfactory performance
using the RegCM4.7 downscaling experiment with each
downscaling regarding CC, RMSE, and SD (3.24 for IMD).
However, RegCM_EIN75 and RegCM_MPI have shown
more efficiency in reproducing the rainfall over the IGP.

The JJAS mean rainfall and mean bias is considered for
different RegCM simulations over IGP during the historical
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Model Validation

(i) Correlation (ii) Mean(mm /day)
RMSE = 1.45 | 32N - 32N
g SD = 3.30 a
El MD = 0.79 E - 28N
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- 76E 80E B4E 8BE 92E
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5 2 - 32N - 32N
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o~ - 24N o
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Fig.3 i The spatial distribution of correlation coefficient (CC) rainfall. ii Seasonal mean monsoon rainfall pattern (mm/day) of a

between IMD rainfall and RegCM4.7 simulated rainfall using four observations (IMD), b RegCM_EIN75, ¢ RegCM_MPI, d RegCM_
different forcings viz. a RegCM_EIN75, b RegCM_MPI, ¢ RegCM_ MIROC, and e RegCM_NOR. iii Mean rainfall bias from observed
MIROC and d RegCM_NOR during the historical period (1986- rainfall over the IGP during the historical period (1986-2005) for the
2005). The printed values in each panel depict the RMSE, SD, and respective model simulation

MD of respective downscaling experiments with the observed (IMD)
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shows rainfall in the 3—14 mm/day or more range, which
is satisfactorily simulated by all the RegCM4.7 experi-
ments (Fig. 3ii). Most lower and central IGP regions have
received rainfall in the 5-13.5 mm/day or more, whereas
upper IGP regions reported fewer rainfall amounts ranging
from 2—-5 mm/day. The RegCM_EIN75 has satisfactorily
simulated the rainfall pattern of the entire IGP along with
some overestimation over central IGP (Fig. 3ii(b)). As far
as the mean bias is concerned, RegCM_EIN75 shows dry
bias (— 1 to — 3 mm/day) over some lower IGP regions,
whereas more negligible wet bias ranging from 1-3 mm/day
over a few central and upper IGP regions (Fig. 3iii(b)). The
member RegCM_MPI reported 6—11 mm/day rainfall over
lower and central IGP regions, whereas 3—6 mm/day over
the upper IGP regions (Fig. 3ii(c)). A smaller amount of wet
bias (— 1 to — 3 mm/day) can be noticed over some lower
areas of IGP. At the same time, most of the IGP (includ-
ing central and upper regions) reported moderately wet to
wetter bias in the range of 1-3 mm/day (Fig. 3iii(c)). Simi-
larly, the member RegCM_MIROC simulates the rainfall in
the range of 6—11 mm/day over northern regions of central
and lower IGP while 2-5 mm/day over upper IGP and some
southern central and lower IGP regions (Fig. 3ii(d)). Simi-
lar to the other experiments, RegCM_MIROC also shows
dry bias (— 1 to — 3 mm/day) over most of the lower IGP

(a) RHR
o
N
IS = IMD
—— RegCM4.7_EIN75
© | RegCM4.7_MPI
c RegCM4.7_MIROC
> —— RegCM4.7_NOR
g2
c -
Q o
a
(o]
Q -
o
o
C)_ -4
o T T T T T T T
35 40 45 50 55 60 65
(c) VHR
T — IMD
g —— RegCM4.7_EIN75
S RegCM4.7_MPI
© RegCM4.7_MIROC
> _ —— RegCM4.7_NOR
2
s 2
o o -
o
o
o
S A
o T T T T T T T

120 140 160 180 200 220 240

Rainfall Thresholds (mm)

regions, while a significant wet tendency (~1-3 mm/day)
can be noticed over a few northern lower and central IGP
regions (Fig. 3iii(d)). The member RegCM_NOR underes-
timates the rainfall over lower IGP except for a few north
regions. The RegCM_NOR has reproduced rainfall ranging
from 5-10 mm/day over northern areas of lower and cen-
tral IGP while 3-6 mm/day over the rest of the IGP region
(Fig. 3ii(e)). Following other models, RegCM_NOR also
shows higher dry bias in the range of — 2 to — 3 mm/day or
more over lower IGP. Contrary to other members, a scat-
tered dry bias pattern can be noticed over some central and
upper IGP regions (Fig. 3iii(e)). The overall analysis sug-
gests that among all the considered RegCM4.7 simulations,
RegCM_EIN75 and RegCM_MPI have shown the least bias
over the lower IGP regions, whereas RegCM_MIROC and
RegCM_NOR have reported the least bias over central IGP.
Further, the performance of RegCM_EIN75, followed by
RegCM_MPI, is more realistic in simulating the mean sea-
sonal rainfall over IGP during the historical period.

3.2 Category-wise distribution of extreme rainfall
events over IGP

The PDF distribution of observed (IMD) and RegCM4.7
simulated different category rainfall events during the his-
torical period has been shown in Fig. 4a—d. The observed

(b) HR
© T — IMD
o 4 —— RegCM4.7_EIN75
o RegCM4.7_MPI
— RegCM4.7_MIROC
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rainfall events viz. a RHR, b HR, ¢ VHR, and d EHR over IGP during the historical period (1986-2005) at 95% confidence level
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RHR depicts that the rainfall of around 44-49 mm in a day
is most probably over the IGP region during the ISM season
(Fig. 4a). However, the distribution peak is slightly less in
all the RegCM4.7 simulations. Still, each follows the distri-
bution pattern precisely as compared to the observations.
Similarly, for the HR events category, observations depict-
ing nearly 78-93 mm rainfall days are most probable during
the historical period (Fig. 4b). All the RegCM4.7 experi-
ments follow the HR distribution pattern satisfactorily with
a slightly less density peak, same as in the case of RHR.
RegCM_MPI shows better performance among all the simu-
lations, followed by RegCM_MIROC. For the VHR events,
the observation shows maximum rainfall to likely occur
within the approximate range from 140 to 170 mm over
IGP, and is satisfactorily represented in all of the RegCM4.7
experiments with some irregular pattern around the peak of
the distribution (Fig. 4c). All the considered models show a
slightly lower peak in the distribution pattern of VHR events
compared to observations. Therefore, the RegCM_MPI,
RegCM_MIROC, and RegCM_NOR experiments have
shown more realistic patterns. Further, the distribution of
the most affecting category rainfall events, i.e., the EHR
events, is illustrated in Fig. 4d. Observation shows most of
the events within the range of 250-320 mm, along with the
highest peak around 270 mm over IGP. However, all the
models have satisfactorily represented the distribution pat-
terns like observations with slightly lesser peaks. Among all
the RegCM simulations, the performance of RegCM_MPI,
RegCM_MIROC, and RegCM_NOR show a more realistic
distribution pattern in simulating EHR events over IGP. It
can be noticed that moving towards the EHR category from
the HR category, the performance of RegCM_MIROC and
RegCM_NOR improves.

The distribution of different categorized rainfall events
during the historical period has been illustrated in Fig. Sa—d.
The spatial distribution of observed RHR depicts 69—108
events over most of the central and lower IGP regions,
whereas 3040 events over upper IGP regions during the his-
torical period (Fig. 5a(i)). However, most lower IGP regions
have reported 108—121 or more RHR events. The RegCM_
EIN75 simulation shows 69—108 events over most of the
central and lower IGP regions while 3043 events over the
upper IGP which agree with the observations (Fig. 5a(ii)).
RegCM_MPI shows a similar pattern as that of RegCM_
EIN75 over the entire IGP except for some southern central
IGP regions where ~ 43 events can be noticed (Fig. 5a(iii)).
In Fig. 5a(iv), the member RegCM_MIROC also shows a
similar distribution as that of RegCM_EIN75 over some
northern regions of central and lower IGP as it shows
108—121 numbers of RHR events. Still, its performance is
not up to the mark of other IGP regions. Further, the upper
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IGP and southern regions of central and lower IGP depicted
30 or fewer events during the period. Similarly, RegCM_
NOR shows 32-82 events over a few northern central and
lower IGP, whereas an underestimation (30 or less) can be
noticed over almost the entire IGP (Fig. 5a(v)). The overall
analysis suggests that among all the considered RegCM4.7
simulations, RegCM_EIN75 and RegCM_MPI have per-
formed satisfactorily in simulating the RHR events over the
IGP region during the historical period. The distribution of
HR events over IGP has been depicted in Fig. 5b(i—v). IMD
observations show that the entire IGP reported 32-53 HR
events (Fig. 5Sb(i)). However, a few upper IGP regions show
fewer events in the 30-43. The model RegCM_EIN75 under-
estimates the number of events (30-43) over upper IGP, but
its performance is satisfactory over central and lower IGP
regions (Fig. 5b(ii)). The RegCM_MPI shows a close pat-
tern to RegCM_EIN75 over the entire IGP region. It also
depicts improved distribution (closer to the observation)
compared to the RegCM_EIN75 by reporting up to 18 events
over lower IGP regions. The member RegCM_MIROC also
shows a similar pattern as RegCM_EIN75 and RegCM_MPI
with an underestimation (> 4 events) over southern regions
of lower IGP. Similarly, the RegCM_NOR has performed
satisfactorily over some northern central and lower IGP
regions, while its performance is not satisfactory over other
IGP regions. The overall analysis suggests that RegCM4.7
has performed satisfactorily in all the downscaling experi-
ments where the RegCM_MPI is more realistic. The distri-
bution pattern of observed VHR events shows 0—11 events
during the historical period (Fig. 5c(i)). Most lower IGP and
northern central and upper IGP regions have shown 7-11
events, while southern regions reported 1-3 or fewer events.
Regarding modeling aspects, the RegCM_EIN75 performs
poorly in simulating VHR events over almost the entire IGP
region, as it can reproduce 3—7 events over only a few north-
ern regions (Fig. 5c(ii)). RegCM_MPI and RegCM_MIROC
simulations have shown similar but improved performance
over the entire IGP compared to the RegCM_EIN75 but with
some underestimation (Fig. 5c(iii—iv)). They have shown
7-11 events over northern IGP regions which agree with
the observations. However, RegCM_MPI has shown more
realistic results (5-9 events) than the RegCM_MIROC (< 3
events) over southern lower IGP regions. The downscaling
experiment with RegCM_NOR performed poorly over the
entire IGP. The overall analysis suggests that RegCM_MPI
followed by RegCM_MIROC have simulated the VHR
events satisfactorily over the IGP region. Further, the EHR
categorial events can be illustrated in Fig. 5d(i—v). The
maximum number of EHR events (3—4 or more) has been
reported over the northeastern lower IGP as compared to
the rest of the IGP region (Fig. 5d(i)). There are also some
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simulated rainfall with different categorical events viz. a RHR, b HR, ¢ VHR, d EHR over IGP during the historical period of 1986-2005

isolated regions over the upper, central, and lower IGP
where 2-3 events have been reported. In contrast, most
regions reported one or none of the EHR events during the
period. The RegCM_EIN75 shows an underestimation (1
or no events) over lower and central IGP. In contrast, it has
shown an overestimation (1-2 events) in simulating the num-
ber of EHR events over the upper IGP region (Fig. 5d(ii)).
The RegCM_MPI performs reasonably well over the entire
IGP and produces more realistic results when compared with
observations (Fig. 5d(iii)). However, it depicts some overes-
timation (1-2 events) over southern areas of the central and
lower IGP region. The performance of RegCM_MPI in sim-
ulating EHR events over IGP is excellent so far. However,
some locations or scaling errors are needed future attention.
Similarly, RegCM_MIROC performs finely over the entire

IGP as the RegCM_MPI does, but it shows overestimated
EHR events over upper IGP and southern areas of lower IGP
(Fig. 5d(iv)). The RegCM_NOR also performs satisfacto-
rily but with the least skill compared to other considered
simulations (Fig. 5d(v)). Dash et al. (2009) studied the long-
term characteristics of different category rainfall events.
However, they found some different results than this study.
They concluded by discussing a decreasing trend in moder-
ate rainfall events whereas an increasing trend in heavy to
very heavy rainfall events over the central northeast region
of India (which exhibits a large area of IGP). The overall
analysis suggests that RegCM4.7 simulations, RegCM_MPI
followed by RegCM_MIROC and RegCM_EIN75 show bet-
ter skill in simulating all category rainfall events over IGP
during the historical period. Further, it can be noticed that
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Table 3 Mean thresholds for different category rainfall events (mm/
day) during the historical period (1986-2005) over IGP

RHR HR VHR EHR
IMD 46.6 83.4 156.8 308
RegCM_EIN75 45.6 81.3 162.2 3443
RegCM_MPI 45.5 82.1 165.5 351
RegCM_MIROC 45.7 85.1 164.7 358.3
RegCM_NOR 45.8 84.4 160.9 357.0

as moving from HR events to the EHR category, the perfor-
mance of RegCM_MIROC gets improved, whereas at the
same time skill of RegCM_EIN75 deteriorates. Further, the
mean thresholds for different category rainfall events have
been listed in Table 3. The IMD observations have reported
thresholds for various category rainfall events over IGP as
46.6 mm (RHR), 83.4 mm (HR), 156.8 mm (VHR), and
308 mm (EHR) during the historical period. The downscale
simulation efficiently captures the RHR rainfall events rang-
ing from 45.5 to 45.8, the HR events ranging from 81.3 to
85.1, and the VHR rainfall events ranging from 160.9 to
164.7. However, an overestimation in simulating the EHR
threshold can be noticed in all the RegCM4.7 simulations.
The range lies between 344.3 and 358.3 in the event. The
RegCM4.7 downscaling experiments underestimate most
rainfall events under RHR and HR and overestimate the
categorized extreme events with VHR and EHR.
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3.3 Projected future changes in patterns of rainfall
and associated extremes under the warming
scenario

3.3.1 Projected rainfall patterns and relative changes in NF
and FF

The projected annual cycle of average rainfall under the
RCP8.5 scenario and the associated relative changes w.r.t.
the historical period over IGP is considered during the NF
and FF with different RegCM4.7 experiments (Fig. 6). The
rainfall pattern during NF suggests that all the simulations
follow a similar pattern (Fig. 6a). The RegCM_MPI and
RegCM_MIROC have projected maximum rainfall around
10 mm/day during July—August. In comparison, RegCM_
NOR has shown its peak around 7 mm/day. A shifted pattern
in maximum rainfall during the year (i.e., monsoon rain-
fall) can be seen in Fig. 6b, where 40% or more declines
during June across all the model experiments (Dash et al.
2009; Mishra et al. 2016; Mukherjee et al. 2018) (Fig. 6¢).
In addition, an increase (40-80%) in rainfall from July to
November over IGP has been projected in NF. The pro-
jected rainfall pattern during FF shows that RegCM_MPI,
the best-performing model so far, depicts maximum rainfall
during the July to November months with peak rainfall of
~ 10 mm/day during September (Fig. 6d). The other simu-
lations, RegCM_MIROC and RegCM_NOR, also depict a
similar pattern as that of RegCM_MPI but with a smaller
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Fig.6 The RegCM4.7 projected a, b annual cycle of rainfall (mm/day) under RCP8.5 scenario during a near future (NF; 2041-2060) and b far
future (FF; 2080-2099). ¢, d The relative changes (%) in rainfall during ¢ NF, and d FF w.r.t. the historical period (1986-2005)
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shift in maximum rainfall months towards later months of
the year. The changes in rainfall pattern during FF suggest
a decline in rainfall from 40 to 80% during the March to
August months which includes the 3 months of ISM season,
whereas an increase of 50-100% can be noticed during the
September, October, November, and December months of
the year. It is to be noted that a huge enhancement of around
170% in rainfall may occur during October in FF. The above
discussion suggests that there may be a shift in the monsoon
regime towards the later months of the year, along with the
significant decline in rainfall during JJAS and pre-monsoon
months. These results also agree with the study of Shahi
et al. (2021) on India and MCR. It is further supported by
the recent work of Ashfaq et al. (2021), who have found a
delay in South Asian monsoon onset along with the reduc-
tion in rainfall during pre-monsoon and monsoon months
under high emission RCP8.5 scenario.

The projected relative changes (%) in seasonal mean
rainfall over the IGP during the NF and FF compared to
the historical period are shown in Fig. 7. The RegCM_MPI
projected a ~10 % decline in rainfall over the entire IGP
region except for southern areas of central IGP where ~
20% of the decrease in rainfall can be noticed during NF

(Fig. 7a(i)). RegCM_MIROC projected a ~ 10% increase
over upper and central IGP regions, whereas a moderate
decrease of 10-20% in seasonal rainfall has been reported
over lower IGP regions during NF (Fig. 7a(ii)). Similarly,
the RegCM_NOR projections show a decline of ~ 20% or
more in seasonal rainfall over almost the entire IGP except
for a few extreme lower and upper IGP regions, where it
depicts a moderate enhancement of nearly ~ 10% in aver-
age ISM rainfall during NF. Figure 7b(i—iii) represents the
projected relative changes with historical periods in ISM
rainfall during FF. The model RegCM_MPI shows a maxi-
mum decrease in precipitation (30% or more) over almost
the entire IGP region except for a few lower IGP regions
where a 10-20% of decline in rainfall noticed in comparison
to the historical period has been projected during the ISM
season (Fig. 7b(i)). The RegCM_MIROC projects a maxi-
mum decline (30% or more) over only some isolated regions
of upper IGP while a moderate decrease (~ 10%) over the
rest of the IGP regions during the FF (Fig. 7b(ii)). Also, a
nearly 20-30% increase can be noticed over southern lower
IGP regions. The RegCM_NOR has projected a 20-30%
rise in seasonal rainfall over upper IGP while a moder-
ate to higher decline (10-20%) over central IGP regions
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Fig.7 RegCM4.7 Projected relative changes (%) of mean monsoon
seasonal rainfall under the RCP8.5 scenario over the IGP region dur-
ing a Near future (NF; 2041-2060) and b Far future (FF; 2080-2099)
compared to the historical period (1986-2005). ¢ Changes in FF

compared to the NF. The model simulations with four different GCM
forcings are represented as i RegCM_MPI, ii RegCM_MIROC, and
iii RegCM_NOR. The hatched region shows data distribution at 99%
confidence level
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(Fig. 7b(iii)). Further, a slight enhancement in seasonal rain-
fall can be noticed over lower IGP regions during FF relative
to the historical period. Figure 7c depicts the projected rela-
tive changes in mean ISM rainfall during FF and NF. The
RegCM_MPI suggests a decrease (10-30%) in rainfall over
almost the entire IGP. However, RegCM_MIROC also pro-
jects a similar pattern as that of RegCM_MPI over the upper
IGP regions. Still, it shows a moderate to higher seasonal
rainfall increase (10-30%) over lower IGP regions. Con-
trary to other experiments, the RegCM_NOR has projected
a 20-30% rise over upper IGP. At the same time, it shows a
slight decline in seasonal rainfall over central and lower IGP
regions during FF compared to NF. The decline in seasonal
monsoon rainfall over IGP can be attributed to the increased
atmospheric aerosols (Bollasina et al. 2011). According to
student’s t statistics, the changes over hatched regions during
future time scales are significant at a 99% confidence level.
The overall analysis suggests that RegCM4.7 has projected
a moderate to higher decline in mean ISM rainfall over the
IGP region under the high-emission RCP8.5 scenario. The
above discussion also agrees with the study of Maharana
et al. (2020), who also found a decrease in mean rainfall over
IGP regions under a warming climate.

3.3.2 Projected changes in the category-wise distribution
of extreme rainfall events

The PDF distribution for the different categorized projected
rainfall events under the RCP8.5 scenario over IGP during
NF and FF periods are illustrated in Fig. 8. The distribution
of RHR depicts that all the three experiments have shown
similar distribution patterns during NF as well FF (Fig. 8a(i,
ii)). However, RegCM_MPI and RegCM_MIROC show
higher peaks than RegCM_NOR, which are identical to the
historical period. Also, the distribution shows 43-50 mm/
day rainfall days are most probable during NF and FF. Simi-
larly, the HR events distribution depicts that most days fall
under 80-98 mm/day rainfall, and RegCM_MPI, followed
by RegCM_MIROC, shows the highest peak among all data
sets (Fig. 8b(i, ii)). Further, it can be noticed that the distri-
bution of HR events suggests an increasing shift in rainfall
intensity during the NF and FF periods as compared with
historical periods. Figure 8c(i, ii)) shows the projected dis-
tribution of other category rainfall events, i.e., VHR events
over IGP in NF and FF. It can be noticed that the events,
when 140-190 mm of rainfall occurs in a day, are most prob-
able during both the time slices (NF and FF). Further, all the
models have projected the highest peak for the rainfall events
when 180 mm (during NF) or more (during FF) in a day
might occur, which is much higher than the historical period
(nearly 150 mm). Similarly, all models have shown similar
patterns in projecting the probability density distribution
of EHR events during the NF and FF periods. However,
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among all the RegCM4.7 simulations, RegCM_MPI shows
a maximum peak during both time slices. The distribution
of EHR events shows that the days when rainfall ranging
from 250-350 mm is reported are most probable, along with
peaks of nearly 300 mm or more during the NF and FF. Fur-
ther, it can be noticed that the maximum rainfall limits may
enhance in the future as the probability density distribution
shows maximum rainfall up to 800 mm and 900 mm in a
day during NF and FF, respectively, as compared with the
historical limit, i.e., 700 mm. These results indicate extreme
intensification under warming scenarios in the future.

The RegCM4.7 projected (under RCP8.5 scenario)
changes in the number of different category extreme rainfall
events over IGP during the NF and FF compared with histor-
ical periods has been shown in Figs. 9 and 10, respectively.
RegCM_MPI has projected an increase of 15-20 in RHR
over most of the lower IGP and a few regions of upper IGP
(Fig. 9a(i)). A slight decrease (5 or less) over central IGP and
northern areas of lower IGP during NF has been projected.
The RegCM_MIROC has also projected increased RHR
events over lower and IGP regions. Still, it shows an excep-
tional enhancement (20 or more events) over northern areas
of central and upper IGP (Fig. 9a(ii)). However, a decrease
(5 or less) can be noticed over the central IGP region. The
RegCM_NOR has shown a slight increase (0—15) over upper
and most lower IGP regions in projecting the number of
RHR events during NF compared with the historical period.
The distribution pattern of projected changes in the number
of HR events during NF has been illustrated in Fig. 9b(i—iii).
It can be seen that RegCM_MPI has projected an increase
in the number of HR events ranging from 3 to 15 or more
over the entire IGP region except for a few northern areas
of central and lower IGP, where it reports a slight decrease
during NF (Fig. 9b(i)). The RegCM_MIROC shows a slight
increase and decline over lower and upper IGP, whereas it
projects potential enhancement (~ 15 HR events) over north-
ern regions of central IGP in NF (Fig. 9b(ii)). Similarly, the
RegCM_NOR depicts the pattern as that of RegCM_MIROC
but with very slight changes (increase/decrease) in the num-
ber of HR events over the entire IGP in NF (Fig. 9b(iii)).
The RegCM_MPI projected changes in the following cat-
egory rainfall events, i.e., VHR events show moderate to
higher enhancement (5-10) over most of the IGP except a
few lower IGP regions where a slight decrease (5 or less)
can be noticed during NF (Fig. 9¢c(i)). Both RegCM_MIROC
and RegCM_NOR show almost similar patterns over upper
and central IGP regions where a combination of slight
increase/decrease (5 or less) has been projected during NF

tern, while RegCM_NOR shows a slight enhancement in
VHR events over some lower IGP regions during NF. The
projected changes in the most disastrous category rainfall
events, i.e., the EHR events, are illustrated in Fig. 9d(i-iii).
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Fig.9 The spatial distribution of RegCM4.7 projected changes under
the RCP8.5 scenario in numbers of different category rainfall events
viz. a RHR, b HR, ¢ VHR, and d EHR over IGP during Near future
(NF; 2041-2060) as compared with the historical period (1986—

The RegCM_MPI depicts a maximum enhancement of 5 or
more EHR events over extreme northern regions of the entire
IGP, whereas a slight decrease of 1 or more over southern
IGP regions. Further, over the rest of the IGP, it shows an
increase (5 or less) in the number of EHR events during NF.
The member RegCM_MIROC (Fig. 9d(ii)) also projects a
similar EHR distribution as that of RegCM_MPI over almost
the entire IGP except for a few southern lower and central
IGP regions where a decline of one or more has been pro-
jected. At last, the model RegCM_NOR projects a scattered
distribution of slight increase and decrease in EHR events
over the entire IGP region. However, an increase of 5 or
more events can be noticed over some northern lower IGP
regions. The results indicate an increase in extreme rain-
fall events (specifically higher rainfall category) over IGP
and a slight decrease in moderate to higher rainfall category
events. These results are in accordance with the findings
of Ali et al. (2014); Dash et al. (2009); Roxy et al. (2017),
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2005). The model simulations with four different GCM forcings are
represented as i RegCM_MPI, ii RegCM_MIROC, and iii RegCM_
NOR. The hatched regions represent the data distribution at a 90%
confidence level

who have proposed an increase in rainfall extremes and a
decrease in 75th (i.e., moderate) rainfall events over India.
The projected changes in the number of different category
rainfall events during FF compared to historical periods have
shown in (Fig. 10a—d). The RegCM_MPI projected changes
show a decline of > 5 in RHR over the entire IGP. However,
an increase of 5-20 can be noticed over southern lower and
northern upper IGP regions (Fig. 10a(i)). The RegCM_
MIROC has projected 10-20 or more increments in the num-
ber of RHR events over lower IGP while a scattered distribu-
tion of slight increase and decrease over the rest of the IGP
regions (Fig. 10a(ii)). Similarly, RegCM_NOR also depicts
a similar pattern as earlier discussed models, but changes
are slightly less (Fig. 10a(iii)). Overall, a decline in RHR
can be noticed over the entire IGP in FF as compared to the
NF (Fig. 9) during ISM season, which can also be explained
per the study of Pattanaik and Rajeevan (2010), where they
have found a significant decreasing trend in the frequency
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Fig. 10 Same as Fig. 9 but for the Far Future (FF; 2080-2099)

of RHR events. The RegCM_MPI projected changes in HR
events also depict slight decreases (5 or fewer events) over
central and a few northern regions of lower IGP. However,
an increase (5—15 occurrences) can be seen over lower and
upper IGP during FF compared to the historical period
(Fig. 10b(i)). The member RegCM_MIROC has projected
an enhancement (5—15) over central and lower IGP while a
decrease for 5 or more HR events over upper IGP during FF,
contrary to the NF projections. The RegCM_NOR shows a
combination of slight increase and decrease ~5 events in
HR events throughout the IGP region along with potential
enhancement of 5-15 occurrences over some northern areas
of central and lower IGP. Therefore, RegCM_NOR projects
a similar pattern during FF as shown for the NF period. The
distribution of RegCM_MPI projected VHR events depicts
moderate to higher enhancement (~ 5 events) over the entire
IGP except for very few southern lower IGP regions where
a slight decline of 5 or fewer events can be noticed dur-
ing FF (Fig. 10c(i)). However, the changes are slightly less
than NF (refer to Fig. 9). Other models RegCM_MIROC

and RegCM_NOR, have projected an increase of 5 to 10
events over the entire IGP during FF. Some isolated regions
can also notice a slight decrease (5 or less). Further, both
models have projected a slight enhancement in VHR events
during FF compared to NF. Similarly, the figure (Fig. 10d(i))
represents RegCM4.7 projected changes in EHR events dur-
ing FF. It can be noticed that changes are similar for all the
considered models as that during NF (refer to Fig. 9d). All
three of the RegCM projections have shown moderate to
higher increases (1-5) in EHR events over the entire IGP
except few lower IGP regions. The increase in the number
of events is most prominent over northern IGP regions. The
overall analysis suggests that all the models have shown sim-
ilar patterns in projecting different category rainfall events
over IGP in NF and FF during ISM season compared to the
historical period. Further, it can be noticed that the increase
in events is more significant during NF than FF, and the
decrease in events is more prominent during FF than NF dur-
ing JJAS or ISM season. It may be because the ISM season
is shifting towards later months of the year, and there is a
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decline in rainfall during the ISM season months, namely,
June, July, and August in NF and FF (refer to Fig. 6). The
hatched regions in Figs. 9 and 10 are showing the regions
with significant changes (90% confidence level) in different
category rainfall events during NF and FF.

The RegCM projected relative changes (%) under the
RCPS8.5 scenario in mean thresholds for different category
rainfall events have shown in Table 4. The changes for RHR
events are significantly less < than 1% (either increase or
decrease) during NF and FF compared to historical periods
in all three model projections. The RegCM_MPI projects a
2.2% rise in HR threshold during NF while it shows further
enhancement (~ 3%) during FF. Contrary to that, the rest of
the RegCM4.7 experiments have projected a slight to mod-
erate decrease during NF (2.5% in RegCM_MIROC and
0.16% in RegCM_NOR) and FF (0.5% in RegCM_MIROC
and 0.11% in RegCM_NOR) as compared to the historical
period. In the case of VHR events, the RegCM_MPI pro-
jection shows a 2.4% decline during NF while only a 0.2%
decline during FF. Further, the member RegCM_MIROC
also indicates a decrease of ~ 1.7% in mean VHR thresholds
during NF, whereas it shows a slight increase (0.7%) during
FF. Similarly, the RegCM_NOR projects a slight increase
of 1.5% and 1.8% in the VHR threshold during NF and FF,
respectively. The thresholds for the most disastrous rain-
fall events, i.e., EHR, found an increase by all RegCM4.7
experiments during both the future time slices. It can be
noticed that the models RegCM_MPI, RegCM_MIROC,
and RegCM_NOR have projected 4.9%, 7.7%, and 0.97%,
increase during NF while 1.95%, 4.28%, and 2.33%, respec-
tively of increase during FF in mean EHR thresholds. It
can be noticed that the RegCM projects massive enhance-
ment in the mean threshold of EHR events during NF and
FF, which may be an indication that extremes are getting
intensified under a warming climate (Mukherjee et al. 2018;
Roxy et al. 2017). However, the changes are slightly less
during FF than NF, which is explained in the earlier section
that there may be a shift in ISM seasonal rainfall towards
later months of the year under warming scenarios.

Table 4 Relative changes (%) in mean thresholds for different cate-
gory rainfall events over IGP during NF and FF as compared with the
historical period

Model RHR HR VHR EHR
NF-Hist RegCM_MPI 0.8 22 —-24 4.9
RegCM_MIROC -0.4 -25 - 1.7 7.7
RegCM_NOR -0.2 —0.16 1.5 0.97
FF-Hist RegCM_MPI 1 3 -0.2 1.95
RegCM_MIROC 0.65 -0.59 0.7 4.28
RegCM_NOR 0.65 —0.1 1.8 233
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4 Discussion

Global warming has imposed its effects on the rainfall pat-
terns as the mean precipitation is anticipated to decrease
while heavy rainfall events are increased (Tabari 2020).
Therefore, examining the behavior and response of differ-
ent climate components (dynamical and thermodynamic)
during extreme rainfall is necessary. For that purpose, here
we have shown the anomalous patterns of RegCM_MPI
simulated (which is the best-performing member so far)
tropospheric TG, hus, and MSLP (superimposed with the
wind, i.e., u &v at 850 hPa) over the region of interest
during historical as well as future time slices (Figs. 11,
12). The temporal evolution of earlier mentioned quanti-
ties/variables during the historical period has been pre-
sented in (Fig. 11). The Lead4, Lead2, and Lag] represent
the patterns 4 days before, two days before, and one day
before the day of the extreme rainfall event (Lag0), respec-
tively. The beginning of positive TG build-up over central
and lower IGP region (0.5-1 °C) can be seen in Lead4
(Fig. 11i(a)), which gets enhanced (~ 1.5 °C) gradually
up to Leadl (Fig. 11i(c)) and gets strongest (2.5-3 °C) on
the extreme rainfall day, i.e., LagO (Fig. 11i(d)). The TG
supports the monsoon onset propagation and advancement
mechanism over the Indian region (Ghosh et al. 2022). The
distribution pattern of hus is interesting (Fig. 11ii(a—d)).
At Lead4, the entire considered domain shows a positive
anomalous pattern of hus ranging from 0.4 to 0.8 Kg/Kg,
which gets more vital day by day, reaching a maximum
of 1.6-2 Kg/Kg on the Lag0. The maximum hus found
to be concentrated over central IGP following the earlier
discussed TG pattern during the historical period. The
dynamical mechanism of rainfall extreme is further sup-
ported by the time-dependent evolution of MSLP and wind
in Fig. 11iii(a—d) The presence of a low-pressure system
(LPS) or convergence zone with negative MSLP anomalies
(— 1 to — 1.6 hPa) over the south of the lower IGP can be
noticed. This LPS moves northward and gets deeper (— 1.9
to — 2.5 hPa) with time (Lead2) by strengthening of wind
(Fig. 11iii(c)). Further, after its intrusion over lower IGP
on the day before (Leadl), it stretches and finally settled
over the entire IGP, considering the deepest (> 2.5 hPa)
over the central IGP region with a more robust cyclonic
circulation (Fig. 11iii(d)). The RegCM_MPI simulated
evolution mechanism robustly explains the occurrence of
extreme rainfall events over IGP, which shows the capabil-
ity of RegCM4.7 in simulating extreme rainfall character-
istics and governing processes over IGP.

In a warming climate scenario, the concentration of
water content in the atmosphere increases in proportion
to the saturation concentration by increasing the tempera-
ture (Trenberth et al. 2003; Stocker 2014). In that view, a



How climate change is affecting the summer monsoon extreme rainfall pattern over the...

(a) Lead4 (b) Lead?2 (¢) Leadl (d) Lago0
—, 32N 32N | 32N | 32N
S
S 28N 28N { 28N 1 28N
Z 2N . 24N ) 24N . 24N
.1 7, )4 i~ J.4 K =

68E 72E 76E B0E B84E BBE

68E 72E 76E BOE B4E BBE

68E 72E 76E 80E B4E 88E 68E 72E 76E 80E B4E 8BE

1 1.5

[ [ T —
5 3 3.5

32N 1

28N 1

24N 1

(ii) hus(850hPa)[Kg/Kg]

68E 72E 76E B0E 84E 88E

2. 4
: 32N -
1 28N 1
1 24N 1

68E 72E 76E 80E B4E 88E 66E 72E 76E 80E B4E 86E

32N - 32N -

28N 1 28N 1

24N - 24N -

(iii) MSLP&wind[hPa & m/s)]

Fig. 11 The composite anomalous spatial distribution of RegCM4.7
simulated i TG (°C), ii hus (Kg/Kg) at 850 hPa, and iii MSLP (hPa)
and wind at 850 hPa (u &v; m/s; superimposed considering the vec-
tor sign) over IGP during the historical period (1986-2005). The a

comparative analysis of earlier discussed dynamical and
thermodynamic quantities during historical, NF and FF
under high emission RCP8.5 scenarios is considered in
Fig. 12. The composites of variables TG, hus, and MSLP
with wind on the day of extreme rainfall are discussed.
The TG pattern in the historical period can be seen in
Fig. 12i(a). It shows a significant enhancement over the
entire IGP in NF, where the TG changes by 2-3.5 °C
(Fig. 12i(b)). The TG further shows an increase of 3—4
°C or more during FF compared to the historical period
(Fig. 12i(c)). The distribution maxima can be seen over
the central and lower IGP regions on the event day. Simi-
larly, the anomalous composites of hus show intensified
projected patterns in NF and FF (Fig. 12ii(a—c)). The
presence of higher moisture content of 2.4-3.2 Kg/Kg can
be noticed in NF (Fig. 12ii(b)), while the highest 4 Kg/
Kg or more in FF (Fig. 12ii(c)) have been projected over

Lead4, b Lead2, ¢ Leadl, and d Lag0 represent the distribution 4
days before, two days before, 1 day before, and the day of the extreme
rainfall event, respectively

the IGP region during the extreme rainfall days under
high emission RCP8.5 scenario. According to a report on
the assessment of climate change over the Indian region,
the increased occurrence of rainfall extremes over Indian
areas is attributed to changes in moisture content due to
the warming caused by GHG emissions, increased urbani-
zation, and aerosol concentrations (Krishnan et al. 2020).
Further, the MSLP pattern shows weaker LPS and wind
circulation over IGP in future time scales (NF and FF)
compared to the historical period (Fig. 12iii(a—c)). Tay-
lor et al. (2012) have also found the weakening of LPS
activities over Indian regions in intermodel projections
under the RCP8.5 scenario. They found that the decline of
troughs during the ISM circulation is compensated by the
copious enhancement in atmospheric moisture content,
which leads to increased precipitation events over IGP
in the future.
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Fig. 12 The composite anomalous spatial distribution of RegCM4.7
simulated i TG (°C), ii hus (Kg/Kg) at 850 hPa, and iii MSLP (hPa)
with wind (u &v) in m/s at 850 hPa over IGP during the a historical

5 Conclusions

This work has been attributed to assessing the spatial and
temporal variability in ISMR and associated extremes
over IGP using RegCM4.7 during the past and future
time slices (NF and FF) under the RCP8.5 scenario. The
dynamically downscaled RegCM4.7 with different rea-
nalysis and GCM forcings perform well in simulating the
rainfall characteristics over the IGP region during ISM
season. However, RegCM4.7 with EIN75 and MPI-ESM-
MR forcing offers better performance among all the con-
sidered RegCM4.7 simulations. The annual mean rainfall
cycle is well represented in all the RegCM4.7 simula-
tions. Future projections suggested a 10-20% significant
decline in mean ISMR with a massive decrease during
the earlier ISM seasonal months (i.e., June and July) in
NF compared to the historical period. Further, a consider-
able decline (< 30%) in mean JJAS rainfall along with a
40-70% decline during June—July months, and an abrupt
increase of 80-170% during the post-monsoon months
(i.e., October, November, and December) is projected
under the RCP8.5 scenario.
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period (Hist; 1986-2005), b near future (NF; 2041-2060) and ¢ far
future (FF; 2080-2099)

The decline in rainfall during JJAS and abrupt enhance-
ment during later months may indicate a shift in ISM season
due to a warmer climate. The PDF distribution of different
category rainfall events found RegCM4.7 performing satis-
factorily over IGP during the historical period. Most distri-
bution is shifting towards the higher rainfall amount in NF
and FF. Similarly, all the experiments satisfactorily simu-
lated the distribution patterns of rainfall extremes. However,
the RegCM with EIN75 and MPI-ESM-MR shows more
realistic results in simulating all category rainfall events
(especially RHR and HR events), and the performance of
RegCM_MIROC improved as we move towards VHR and
EHR events. The RegCM under the warming scenario pro-
jects a moderate to a higher but significant decrease in RHR
events. In contrast, several HR, VHR, and EHR categories
have moderate to higher significant enhancement over IGP
regions. At the same time, the relative changes in mean
thresholds of the most devastating rainfall category, i.e.,
EHR, are expected to get enhanced during NF and FF. This
suggests that the extreme rainfall events over IGP are ris-
ing and intensifying under intense warming climatic condi-
tions. It is found that the changes in several events during FF
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are less prominent than NF, possibly due to the previously
defined fact that monsoon regimes may shift towards later
months of the year. A comprehensive analysis of various
thermodynamical and dynamical quantities has been per-
formed to support and understand the mechanism behind
rainfall extremes in present and future time scales. The
RegCM4.7 satisfactorily represents the evolution mechanism
of monsoon extremes over the IGP region. An abrupt TG
and atmospheric moisture content enhancement during the
extreme event days in NF and FF has been projected under
the high-emission RCP8.5 scenario. However, the weaken-
ing of ISM circulation and LPS in NF and FF as compared
with the historical period have been projected. This study
explores the observed and modeling aspects of ISMR and
associated extremes over the IGP region during the past and
future under high-emission scenarios. The detailed spati-
otemporal patterns of past and future climate extremes are
assessed and analyzed in this study to strengthen the deci-
sion-making capability of government and policymakers to
adapt and better prepare for the effects on the near and far
future, particularly in the water and agricultural sectors for
a socioeconomically vulnerable region (here IGP) and hence
the country.
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