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ARTICLE INFO ABSTRACT

Keywords: In this paper, daily modulating behaviors of Indian summer monsoon rainfall (ISMR) has been evaluated over
SA-CORDEX eight important sub-zones of India viz Northwest India (NWI); Northcentral India (NCI); West Peninsular India
Regional climate model (WPI); Eastern Peninsular India (EPI); Southern Peninsular India (SoPI); Central India (CI), Northeast India (NEI)
FDI::)‘iht and Western Ghat (WG) using latest SA-CORDEX simulated climate data during 1981-2015. The climate extreme

indices, standardized precipitation index (SPI) and empirical orthogonal function (EOF) have been utilized to
uncover substantial regional spatial patterns and temporal variability of monsoon precipitation over India and its
sub regions to understand the regional modulation of these events based on duration, frequency and severity. The
comprehensive assessment of ISMR modulated characteristics (intensity, spell, and frequency) were showing
significant decreasing trend over NEI and NCI which can be leading factors for demarcating major hotspots for
land degradation, effective management and adaptation towards water resources and hazards related to the
flood/drought events. India has received flood events (1983, 1988, 1994, 2005, 2011, 2013) and drought event
(1982, 1987, 2002, 2004 and 2009) during 1981-2015, which have been verified with SA-CORDEX RCMs
(RegCM4.7, COSMO & REMO2015) using SPI. The first mode of EOF(IMD), explained 17% of the total SPI
variability on the interannual scale, shows anomalous large positive values concentrated over the western
peninsular region and extending towards central India as well as the NWI region of India. On the other hand,
high anomalous negative values dominated over the NEI and eastern parts of the Indo-Gangetic Plain. Therefore,
this study underscores the importance to uncover the prevalent dynamics and climate change variability on
changing trend variability of the precipitation indices, drought and flood characteristics. As moderate to severe
drought variability portrays a diversity over regional scale viz northwest India, north central India, eastern ghat
of the southern peninsular region and northeast India while the occurrence of moderate to severe flood are
dominated towards Himalaya region (26°N-35°N; 70°E-80°E), western peninsular region and western ghat.

Empirical orthogonal function

1. Introduction

The prediction of occurrence, intensity and location of weather/
climate condition still is challenging task using numerical weather
prediction. The Indian summer monsoon contributing 80% of the total
annual precipitation of the country which is showing phase alteration
with frequent severe to moderate drought and flood episodes due to
climate change. In the climate changing scenario, regional climate
modulation would cause more devastating effects on the society, causing
human loss, degrading natural resources, indirectly affects the ground
water resources and cause huge economic loss. The vagaries in the

regional temperature and precipitation are triggered by different
anthropogenic activities such as greenhouse gas emissions and land use
changes in the past century (Bindoff et al., 2013; Sarojini et al., 2016;
Varikoden and Revadekar, 2020). Global warming directly impacts
regional precipitation, by increasing evaporation thus surface drying,
thereby increasing the intensity and duration of drought (Trenberth,
2011; Allan and Soden, 2008). The potential contribution of El-Nino
events in driving the rising correspondence of hot and dry extremes
over the Indian subcontinent under the warming climate, which leads us
to the increased severity of hot & dry monsoon extremes and possess a
substantial challenge to the future food security of India (Mishra et al.,
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2020a). The notable decreasing trend over the Indo Gangetic plain (IGP)
and the western Ghat (WG) has been observed during the Indian summer
monsoon which is around 6% from 1951 to 2015 (Krishnan et al., 2020).
Roxy et al., 2015 highlight the warming in the Indian Ocean potentially
weakens the land-sea thermal contrast, which affects the summer
monsoon Hadley circulation, therefore decreased monsoon rainfall has
been observed over parts of South Asia. Another study of Mishra et al.,
2020b studies the El Nino Southern Oscillation (ENSO) as a potential
driver of these extreme weather events, undergoes deficient or excess
rainfall over a region.

The formation of drought is a slow process it takes months to years to
evolve, it can be characterized by three main aspects i.e., intensity,
duration and areal extent. In general, the drought phenomenon is clas-
sified into four categories viz., meteorological, hydrological, agricul-
tural, and socio-economic based on its nature. The meteorological
drought is the introducer of the rest of the three-drought types. Initially,
shortage of soil moisture, then a decrease in streamflow which results
into a shortage of water storage in reservoirs, depletion of groundwater
table and finally a negative impact is shown upon human economy and
society (Tsakiris, 2017). The drought and flood severity are measured as
the degree of precipitation, soil moisture or water shortage deficit. The
occurrence of drought and flood events cause significant damage to
agricultural livelihood (Sikka, 1999; Vasiliades et al., 2011; Narasimhan
and Srinivasan, 2005; Pai et al., 2017). India has experienced increased
occurrence of floods and drought in the recent past (Parthasarathy et al.,
1994; Rajeevan et al., 2008; Preethi et al., 2019). One-third of the total
landmass of India is semi-arid and arid tropical types that’s why India
experiencing high vulnerability to frequent drought and desertification
(Nagarajan, 2003). The recent article of Christian et al., 2021 catego-
rized ‘India’ in the list of flash drought hotspot in the world. Recently,
India has experienced increase in occurrence of flood and drought cases
(Parthasarathy et al., 1994; Meehl et al., 2005; Rajeevan et al., 2008;
Preethi et al., 2019). The drought of 1987 was the worst drought of the
last century, with an overall rainfall deficit of 19% from the normal
which experience over all India except Bihar and some parts of North
East India (NEI). According to government reports this drought affect
nearly 60% of the crop area and more than 85 million people were
severely affected. On the other hand, major floods over Bihar (1987)
cause major destruction, causing extensive losses and death, due to se-
vere floods due to the overflow of the Koshi river which claimed the loss
of lives of 1399 humans, 302 animals, and public property worth US
$950 million. There is evidence of increased localized heavy precipita-
tion occurrences in response to increased atmospheric moisture content.
Over central India, the frequency of daily precipitation extremes with
rainfall intensities exceeding 150 mm per day increased by about 75%
during 1950-2015 (Mujumdar et al., 2020). The lowest crop production
recorded for the last 50 years was observed in 2002 during the Kharif
(March to June) season, and crop loss caused a 1% reduction in the GDP
of India. The consecutive drought during 2000-2012 caused a severe
loss in crop production. The study of Jena and Azad (2021) highlights all
India drought and flood cases using the CMIP5 model and reported
frequent occurrence of drought in future climate change scenarios.

Instead, flood is one of the most devastating disasters in India,
generally localized with uneven distribution and heavy precipitation
during the monsoon period (Dhar and Nandargi, 2003; Mishra et al.,
2012). Three consecutive flash floods occurred during 2005 in Mumbai
(July), Bangalore (October) (Guhathakurta et al., 2011), Chennai
(October and December) (Lavanya, 2021) causing loss of lives. On es-
timate, the coastal flood risk (~36 million population) in India has been
increased significantly (The Hindu, 2019). Every year, floods cause
major destruction of Bihar state, causing extensive losses and death, in
1987 experienced severe floods due to the overflow of the Koshi river
which claimed the lives of 1399 humans, 302 animals, and public
property worth US$950 million. Approx. 8 million hectares of the Indian
land area were affected by floods (Ray et al., 2019). However, best of our
knowledge there are lacunae in the research based on modulated rainfall
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characteristics for India along with its sub-regions.

The report of IPCC AR5 indicated the climate change impacts are
expected to increase in near as well as in far future. Therefore, the
reliable and scientific-based climate information helps in building the
resilient future of the country. The simulation of various climate models
provides useful information about past, present and future climate. In-
dian subcontinent adheres to topographical differences such as high
mountains of Himalaya and western ghat which affect the regional
forcing in global circulation model (GCM) because of their coarse res-
olutions but on the other hand, regional climate models (RCMs) perform
better to capture those local climate properties (Sinha et al., 2013; Dash
et al., 2015; Raju et al., 2015; Luo et al., 2018; Mishra and Dwivedi,
2019; Mishra et al., 2020a). The limitation in the representation of
regional monsoon in GCM simulation (Sperber et al., 2013; Sylla et al.,
2015; Ashfaq et al., 2021) has been reported, therefore the regional and
local scale climate simulation still rely on the dynamical downscaling of
GCMs with various initial and boundary forcing in RCMs (Giorgi and
Gutowski Jr, 2015).

The RCM provides the high-resolution simulation and projection on
the climatological timescale (up to 2100 years) (Giorgi and Gutowski Jr,
2015). With the advancement in technology and resources, the spatial
resolution of RCMs has been increased. At finer resolution RCM climate
data will help in the application studied of agriculture, water manage-
ment, urban planning, rural development etc. so that demand of high-
quality regional climate information has been increasing. The Coordi-
nated output for regional evolutions (CORE) (Gutowski Jr. et al., 2016)
was initiated in the framework of World climate research programme
(WCRP) as Coordinated regional climate downscaling experiment
(CORDEX). Its main objective is to produce a coordinated set of down-
scaled regional climate information for the different regions of the world
at better resolution and quality to support the vulnerability, impact,
adaptation and climate service application (Giorgi et al., 2009; Ruane
et al., 2016). The CORDEX data enable us to provide detailed regional
climate change assessment and its impact. The RCMs REMO and RegCM
are the first participating models in the CORDEX CORE ensembles
(Jacob et al., 2012; Giorgi et al., 2012; Saeed et al., 2012). It is crucial to
evaluate the model performance to estimate the impact of climate
change on India and its sub-regions (Kodra et al., 2012). In this study,
the extraordinarily high resolution three RCMs simulation (RegCM4.7,
COSMO & REMO02015) over the SA-CORDEX domain has been selected
to investigate the spatial and temporal dimensions of extreme climate
indices along with meteorological droughts and floods over India and
subregions in the context of regional modulation index. The major
objective of this study to investigate regional variation and changes in
the Indian summer monsoon that account for modulation in the ampli-
tude, frequency and duration (regarding length of wet/dry season).
Along with this the multi-nature aspect of drought and regionalized
flood characteristics; Intensity, frequency, occurrence and spatial dis-
tribution to identify hotspot/critical drought and flood-prone areas in
the context of regional variability with the help of the Standardized
Precipitation Index (SPI). This Index is highlighted by the world mete-
orological organization (WMO) for the detection of drought and flood
cases (Svoboda, 2016) and its spatio temporal variability aspect has
been uncovered using Empirical orthogonal function (EOF).

The objectivity of this study defined in to three parts, firstly model
validation and study of summer monsoon rainfall variability and its
modulated behavior over India and its subregions. In which modulating
characteristics of the monsoon rainfall in terms of duration of consec-
utive dry days and wet days, intensity in term of maximum one day
precipitation and mean daily intensity, and lastly the frequency of
moderate, wet, very wet and extremely wet days with respect to 75th,
90th, 95th and 99th percentile daily ISMR. Second objective to analyzed
spatial-temporal distribution of drought and flood in term of occurrence
and severity to highlighted as phase transition/modulation (flood and
drought episode) during monsoon rainfall. The main intent of this sec-
tion is to draw a comprehensive picture of conceivable modulation in
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Table 1
Namelist, subregions and domain considered over India.

Namelist Domain Climate Average
monsoon
rainfall

Al All India LON 67°-98'; Tropical monsoon, 88 cm

LAT 6 -38° tropical wet and
dry
Subregions of India
NWI  North west LON 72-79’; Arid & semi arid 64 cm
India LAT 21°-30° low land
NCI North central LON 79°-87°; Humid subtropical 98 cm
India LAT 21°-28°
WPI Western LON 73°-78°; Tropical wet and 89 cm
peninsular LAT 16°-21° dry
India
EPI Eastern LON 78°-84°; Tropical wet and 96 cm
peninsular LAT 16°-21° dry
India
SoPI Southern LON 75°-80°; Tropical wet and 61 cm
peninsular LAT 10°-16° dry, non-arid
India climate
NEI  North east LON 90-95; Humid sub-tropical 156 cm
India LAT 23°-28°
CI Central India LON 72.25 - Tropical wet and 85 cm
85'; LAT dry & Humid
21.25-26.75 subtropical
WG Western Ghat LON 72°-76'; Tropical wet 131 cm
LAT 12°-22°

flood & drought characteristics using observation data (IMD) and RCMs
(RegCM4.7, COSMO and REMO) output. Third objective is to find
spatio-temporal pattern of year-to-year variability in drought and flood
events using EOF. It is assumed that this structure could be separated
into orthogonal sub-climate regimes via empirical orthogonal function
(EOF) which include analysis on the spatial monsoon SPI to reveal the
dominant spatio-temporal patterns of regional drought and flood.

2. Study area, data and methodology
2.1. Study area

The interannual variability and regional modulating behavior of
rainfall has been examined in the framework of the spatial and temporal
dimension of drought and flood over eight homogenous rainfall zones or
subregions of Indian subcontinent. The brief description of rainfall
subregion/zones described in Table 1 viz. North west India (NWI),
Northcentral India (NCI), Western peninsular India (WPI), Eastern penin-
sular India (EPI) and Southern peninsular India (SoPI) (Bhatla et al., 2019;
Verma et al., 2021), based on the changing behaviors of extreme rainfall
three important regions i.e. North east India (NEI), Central India (CI) and
Western ghat (WG) have been updated in this study shown in Fig. 1.

2.2. Data used

In this experiment, the investigation of the reliability of SA-CORDEX
RCMs of three high resolution (at 0.22° or 25 km) RCMs (RegCM4.7,
COSMO & REMO2015) ERA-Interim-driven simulations of over SA-
CORDEX domain has been selected to investigate the spatial and tem-
poral dimensions of extreme climate indices along with meteorological
droughts and flood over India and its subregions. A brief model
description of all RCMs used in this study given in Table 2. The Abdus
Salam International Centre for Theoretical Physics regional climate
model RegCM4.7(version 4.7) (Giorgi et al., 2012) developed which is
driven by ERA-Interim reanalysis data at a grid spacing of 25 km over
the SA-CORDEX domain. The COSMO model (COnsortium for Small
scale Modeling) limited-area numerical weather prediction model
developed by Deutscher Wetterdienst (DWD) in the 1990s for weather
forecasting applications (Baldauf et al., 2011). Within the CORDEX-
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Fig. 1. a-g: Climatological spatial Indian summer monsoon rainfall (mm/day)
distribution (first column) and mean bias (Second column) over India and its
region during 1981-2015, (a). observation (IMD); (b&c). RegCM4.7; (d&e).
COSMO; (f&g). REMO.

CORE framework, COSMO-crCLIM-v1-1 was used at a horizontal grid
spacing of 0.22°, including 57 vertical levels and a time step of 150 s, as
proposed by Asharaf and Ahrens, 2015 and Sgrland et al. (2021). The
latest hydrostatic version of REMO (REM02015) (Remedio et al., 2019)
is used with 27 hybrid sigma-pressure coordinate system. The perfor-
mance of SA-CORDEX rainfall data sets over all selected subregions of
India has been compared with gridded daily rainfall (0.25° x 0.25°) data
set obtained from India Meteorological Department (IMD) (Rajeevan
and Bhate, 2009) consider for south west monsoon (SWM) (June to
September) season for the time period of 1981-2015.

2.3. Methodology

2.3.1. Model validation

The RCM evolution SA-CORDEX data are regridded (bilinear inter-
polation) to the observational grid (0.25° x 0.25°). To compare the
spatial rainfall pattern and its variability, climatological mean, inter-
annual variability or standard deviation (SD), mean bias (MB), root
mean square error (RMSE) of SWM rainfall at each grid level were
calculated for RCM output (RegCM4.7, COSMO, REMO) as well as IMD’s
observational data during 1981-2015. To evaluate skill in reproducing
the spatial pattern of the present-day precipitation pattern, Taylor
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Table 2
Model configuration and detailed description of model parameterization:
RegCM47 COSMO REMO02015
Institute ICTP CLMcom-ETH GERICS
version RegCM4-7_v0 ( COSMO-crCLIM- REMO2015_v1 (
Giorgi et al., v1-1_vl (Baldauf Jacob et al., 2012;
2012) et al., 2011) Remedio et al.,
2019)
Dynamics Hydrostatics
Model domain South Asia South Asia South Asia CORDEX
CORDEX domain CORDEX domain domain (22°S-50°N;
(22°S-50°N; (22°S-50°N; 10°E-130°E)
10°E-130°E) 10°E-130°E)
Resolution 25 km horizontal 0.22° 0.22°
Vertical level 23 57 27
PBL Holtslag PBL ( - Monin-Obukhov
Holtslag et al., similarity theory (
1990) Louis, 1979)
Initial and ECMWF ERA ECMWF ERA ECMWF ERA
boundary Interim reanalysis Interim reanalysis Interim reanalysis (
conditions (Dee, 2011) (Dee, 2011) Dee, 2011)
Convection Emanuel over Tiedtke (1989) Tiedtke (1989)
Land & Tiedtke
over Ocean
Microphysics SUBEX (Pal et al., - Lohmann and
2000) Roeckner (1996)
Simulation 1981-2015 1981-2015 1981-2015
period
Table 3
Climate indices in term of duration, frequency and intensity.
Index Characterization Unit
CDD Consecutive dry days (daily rainfall<1 mm) days
Duration CWD Consecutive wet days (daily precipitation> 1 days
mm)
RX1D maximum 1-day precipitation amount mm
. Mean daily intensity per time period (*Total
Intensity MDI wet days precipitation divided by the number g;r;n/
of wet days)
RF > 20/ No. of heavy precipitation days (daily days
HPD precipitation>20 mm)
RF > 25/ Very heavy precipitation days (daily days
VHPD precipitation>25 mm)
RF75p Moderate da)fs w.r.t.75th percentile of mm/
Frequency reference period ‘ day
Wet days w.r.t. 90th percentile of reference mm/
RF90p .
period day
RF95p Very wet day§ w.r.t. 95th percentile of mm/
reference period day
Extremely wet days w.r.t. 99th percentile of mm/
RF99p R
reference period day

diagram (Taylor, 2001) was applied, which provides a concise statistical
summary of the degree of correlation (PCC; pattern correlation coeffi-
cient), centered root-mean-square error (RMSE) and the ratio of spatial
standard deviation (RSD). Along with this, probability density function
(PDF) and empirical cumulative distribution function (ECDF) of the
daily precipitation intensity have plotted to study the overall distribu-
tion of the variable over a region.

2.3.2. Climate Indices

The monitoring, detection and attribution of changes in climate
extreme calculated with help of climate indices defined by the Expert
Team on Climate Change Detection and Indices (http://etcedi.
pacificclimate.org/index.shtml (Karl et al., 1999; Peterson, 2005)); see
Table 3 for details. These indices have been widely used in climate
change research and are considered as representative for model per-
formance (Zhu et al., 2020). The precipitation indices categorized into
duration, intensity and frequency has been analyzed for selected sub-
regions of the India, the detailed description of the indices given in
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Table 3 These indicators include consecutive dry days (CDD), consecu-
tive wet days (CWD); intensity indicators include maximum 1-day pre-
cipitation amount (RX1) and mean daily Intensity (MDI); frequency
indictor includes number of heavy precipitation days (HPD), number of
very heavy precipitation days (VHPD) and categorization of the pre-
cipitation event based on 75th, 90th, 95th and 99th percentile viz.,
moderate, wet, very wet and extremely wet rainfall of the daily ISMR.

2.3.3. Duration, severity and intensity of flood and drought event

For regionalized characterization of duration, severity and intensity
of flood and drought event ‘SPI’ (McKee et al., 1993) was used which is
based on the probability of rainfall for selected time period
(1981-2015). The duration of flood and drought events reflect its impact
on the variability of water resource and storage, soil moisture etc. for the
computation of SPI monsoon period (June-September) has been
consider over all India and its sub regions. The long time series of rainfall
is fitted to probability distribution which then transform into a stan-
dardized normal distribution. The classification of the flood intensities
has been classified value of SPI (mentioned in Table 5) such as ‘Near
normal’ (0-0.99), ‘moderate’ (1.0-1.49), ‘severe’ (1.5-1.99), ‘extreme’
(above 2.0) similarly drought intensities defined by ‘Near normal’ (0 to
—0.99), ‘moderate’ (—1.0 to —1.49), ‘severe’ (—1.5 to —1.99),
‘extreme’(below —2.0). In order to calculate SPI, for rainfall accumu-
lation for a period (for example 1,3, 4, 6, 12 or 48 months, firstly, the
two parameters, ‘shape and scale’ of the gamma distribution are fitted
on the frequency distribution for all years in the available time series,
and then transform into standard normal distribution to compute SPI. In
this study, the seasonal rainfall (JJAS) was fitted in gamma distribution
and its distribution function is given as:

1 |

f(x):mxk er

for x < 0, where a < 0 and b < 0 are the shape and scale parameters,
respectively, x < 0 is the rainfall and I'(a) is the gamma function.

The transformed seasonal rainfall data with zero mean and unit
variance of the SPI, helps in computing statistical comparison of wet/
flood event (positive SPI) and dry/drought event (negative SPI) across
different spatial scale. Based on the threshold value of SPI, flood and
drought duration (D) and magnitude of severity (S) has been calculated.
The flood and drought duration are the period of the length in which SPI
is continuously positive and negative respectively.

Thereafter, the flood and drought can be characterized by its dura-
tion, severity and frequency of occurrences. The flood and drought
severity are cumulated SPI value within the flood and drought duration,
which is defined by:

§= -3 spI,

and the intensity of the drought is defined by the ratio of severity of
drought to its duration and vice versa for flood. The flood and drought
frequency in different categories have been determined (unit; %), these
percentage values are expected from a normal distribution of SPI. For
example, 2.1% of SPI value within ‘ED’ category is a percentage that is
typically expected for an ‘extreme’ event. After that, EOF analysis
(Lorenz, 1956) has been performed to identify the flood and drought
regionalized variability for the period 1981-2015. This method allows
for the decomposition of the three-dimensional variable field into
orthogonal spatial modes and time series, that have physical meaning
and contain specific information about the original field. Mathemati-
cally, EOF analysis uses a set of orthogonal functions to represent a time
series in the following way:

Z(x,y,1) = Z:ZIPC(;‘) ® EOF (x,y)

where, Z(x,y,t) is the original time series as function of time (t) and space
(x,y), EOF(x,y) shows the spatial structure (x,y) of the major factors that
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account for the temporal variation of Z. The principal component PC(t)
signify the amplitude of each EOF varies with the time.

3. Result and discussion
3.1. Model evaluation

The spatial behavior of the observed climatological mean of the In-
dian summer monsoon rainfall (ISMR) is shown in the Fig. 1(a). The
accumulated rainfall pattern shows the lowest rainfall over NWI and
SoPI except WG i.e., in the range of 2-4 mm/day. On the other hand, the
maximum rainfall is observed in the range of 24-32 mm/day over the
mountainous region of WG and NEI. The Indo-Gangetic Plain (IGP)
along with the CI experienced moderate rainfall. The observed spatial
ISMR distribution compared with the ERA-Interim driven three RCMs
simulations (RegCM4.7, COSMO and REM02015) (Fig. 1b-g). The per-
formance of RegCM4.7 is relatively good in simulating mean ISMR
distribution over India and its sub-regions and is capable of simulating
areas of minimum and maximum rainfall rates (Fig. 1b) except over the
NEI where the simulation shows higher average rainfall (18 mm/day)
than the IMD (CI: 12.8 mm/day). Also, the spatial distribution of the
mean bias illustrated in the Fig. 1c, which depicts that the RegCM4.7
clearly overestimated (~4-6 mm/day) the mean rainfall along the
mountainous topography of WG, WPI, NEI and foothills of the Himalaya
(Fig. 1c). This unlikely enhanced rainfall is concerned with the

GDD per time period (below 1 mm)

(a)IMD_CDD

72E 78E B4E 90E 96E

(d)REMO_CDD

~gEE O OO ~gEE O OO
oo

55
50
45
40
35
30
25
20
15
10
5
0
72E 78E B84E 90E 96E 72E 78E B84E 90E 96E
75
iii. CDD

60

45

30

1 Sem” BN '»
NWI NCI  WPI EPI  SoPl  NEI c WG

BT RegCM47 COSMO =77 REM02015 = = =-|MD

Atmospheric Research 274 (2022) 106201

drawbacks of the regional climate models as they overestimate
orographic precipitation (Halder et al., 2015; Gao et al., 2015; Gerber
et al., 2018).

The previous studies of Singh et al., 2017; Choudhary et al., 2019;
Bhatla et al., 2019 reported a large underestimated value of ISMR
simulation by RegCM4 over the CI and Gangetic plain of India, however
state of art in model shows the remarkable improvement in simulating
ISMR in the latest model (RegCM4.7) experiments (CORDEX-CORE) as
compared to the previous CORDEX experiments (Shahi et al., 2021). The
phenomena of intense precipitation over WG are typical upwind of the
topographic divide which sharply decreases magnitude and duration on
the leeward side (Barros and Lettenmaier, 1994) clearly shown by the
RegCM4.7 simulations. The COSMO simulated rainfall was not distrib-
uted as observed in IMD over the Indian subcontinent. According to the
IMD rainfall distribution highest rainfall occurs in the west coast, WG,
sub-Himalayan areas in the NE, west Bengal and southern slope of
eastern Himalayas which is not correctly portrayed in the COSMO
simulation, it has been showing high dry bias (~6 mm/day) over highest
rainfall regions (Fig. 1d-e). On the other hand, the north and central
regions of India including NEI showing normal rainfall in the range of
8-12 mm/day in COSMO RCM. The spatial ISMR simulation over the
NEI is best represented by the COSMO as compared to IMD. Next, the
precipitation simulation of REM02015 RCM displayed a satisfactory
amount of ISMR over WG, CI and NEI except excess precipitation over
the WPI, EPI region (Fig. 1f-g). The previous model version of REMO
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Fig. 4. (i-ii) Climatological spatial temporal distribution of mean consecutive dry days (CDDs) and consecutive wet days (CWDs) observed by (a) IMD and simulated
by (b)RegCM47, (c) COSMO and (d) REMO Climate RCM for the period 1981-2015.
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Table 4
Observation trend of precipitation indicators over sub regions for 1981-2015.
MR CDD CWD WD HPD VHPD MDI SPI4

NWI 0.01 0 -0.03 0 0.02 0.02 0.04 0.01
NCI -0.03* 0.04* -0.08* -0.21* -0.13* -0.08* -0.02 -0.04*
WPI 0.01 -0.01 0.02 -0.03 0 -0.01 0.03 0
EPI 0.01 0.01 -0.05 -0.11 -0.05 -0.01 0.04 0.01
SoPI 0 -0.05 0.02 0.04 -0.01 -0.01 -0.02 0
NEI -0.08* 0.04* -0.4* -0.44* -0.35* -0.18 -0.02 -0.05*
CcI 0 0.01 -0.04 -0.08 -0.02 -0.01 0.02 0
WG 0.02 -0.02 -0.03 0.06 0.06 0.04 0.02 0.01

*Significant at 90% confidence level using Mann Kendall statistics.

mentioned in Jacob et al. (2012) showed remarkable improvement in
simulating rainfall over CI in the recent CORDEX REM02015 (Remedio
etal., 2019). The excessive wet bias (~6-8 mm/day) over the EPI region
might affect the performance of REM02015 in simulating the ISMR and
its modulated properties over a particular region. The scientific expla-
nation of REM02015 shows unexpected dry bias all over the Himalayan
and northern plain region of India this might be explained with complex
orography over the Himalayan region and scarce observational dataset.
The distribution of ISMR over the WG, CI and NCI are sensitive for
qualitative and quantitative evaluation of RCMs to portray the pro-
gression of monsoon.

Descriptive analysis of SA-CORDEX RCMs has been performed with
the help of mean bias, SD, RMSE, ECDF and box plot. From Taylor di-
agram (Fig. 2) it can be concluded that the RCMs (RegCM4.7 & REMO)
simulation for daily monsoon precipitation showing significant corre-
lation i.e., 0.8 and least RMSE i.e., ~2.0 mm/day for Al respectively, the
SD value of RegCM4.7 (3.3 mm/day) is much closer to the IMD than
REMO (3.9 mm/day). On the other hand, COSMO performance was less
close to the IMD as compared to the RegCM4.7 and REMO, it was
showing 0.65 correlation value with RMSE 2.0 mm/day. In Fig. 3 RCMs
intercomparison verified with the support of ECDF plot and box plot
over Al During 35-year climatology of ISMR RegCM4.7 stands very
close to the observation (IMD) rainfall (Fig. 3a), on the other hand,
COSMO’s ECDF underestimated the cumulative rainfall distribution
Interquartile distribution with difference of —2 mm/day from IMD.
Further, the REMO simulation of ISMR was showing overestimated
ECDF and interquartile distribution by +2 mm/day than the IMD dis-
tribution. The RCMs simulation is dependent on diversification of the
topographical difference of the Indian subcontinent and causes the
regionalized difference in simulating monsoon rainfall over its sub-
regions (Bhatla et al., 2019), therefore ISMR distribution based on
selected sub-regions were considered for further analysis. In the NWI
regions, all the RCMs were displaying a high RMSE value which is above
3.6 mm/day from the observational data. CC and SD values were very
high for REMO over the NWI region which is justifiable from ECDF and
box plot distribution (Fig. 3c&d). Another important sub-region from
the northern plain of India is NCI which consist of the fertile region of
IGP and RCM performance showing good CC (~0.5), less SD (5.9) except
the high value of centered RMS value have been observed from Taylor
diagram (Fig. 2). The RCMs precipitation data is equally and well
distributed along with the IMD data (Fig. 3e&f). The RCM’s ISMR dis-
tribution was showing greatly extended dispersion over the western and
eastern peninsular India especially in REMO (Figs. 2 & 3g-j). this might
be the reason behind the high wet biases (2-8 mm/day) in REMO
climatological variation of ISMR. Therefore, only RegCM4.7 closer to
the observation for WPI region (Taylor diagram). The COSMO simulated
ISMR over WPI and EPI was underestimated as compared to the IMD
data (Fig. 3g-j). Taylor diagram for SoPI region elucidates all RCMs
showing less CC, high SD & RMSE (above 5.1 mm/day), in which
RegCM4.7 was the best performing RCM but ECDF and box plot distri-
bution signify COSMO as best performing among all RCM (Fig. 3k&l).

The average observational rainfall over NEI is very high i.e., 13 mm/day
(IMD), The undulating terrain and majestic peaks over the NEI provide
natural lifting of moisture/rain-bearing cloud from the Bay of Bengal
(BoB) and resulted in moderate to very heavy rainfall. Rajeevan et al.,
2010 mentioned CI as very crucial and critical region to study the
interannual variation of ISMR because it is highly correlated to the all-
India monsoon rainfall. Over the CI region, RCMs CC was in the range
of 0.5-0.6, COSMO and RegCM4.7 come closer to the observation SD
with less RMSE value (~4.2 mm/day) Fig. 2. The ECDF and boxplot
interpretation for the CI region depict that RegCM4.7 and COSMO
simulated rainfall underestimated from the observed value on the other
hand, REMO'’s rainfall overestimates ISMR observed distribution. After
NEL WG is receiving enough monsoon rainfall during onset i.e., 131 cm,
over this region RegCM4.7 and COSMO fits better than REMO scheme
(Fig. 2 & 3q&r). The high RMSE value of REMO justifies by the heavy
precipitation distribution over the WG region. From the ECDF plot
analysis, it has been found that the RCM REMO overestimates the
rainfall distribution over peninsular regions on the other hand
RegCM4.7 and COSMO performs better in simulating ISMR over most of
the sub-regions of India.

3.2. Spatio-temporal analysis of climate precipitation indices in terms of
duration, intensity and frequency

The CDDs are defined as the maximum number of days with rainfall
less than a certain threshold i.e. 1 mm (Frich et al., 2002; Zolina et al.,
2013). Previously the spatial and temporal variation and trend of dry
and wet periods over India have been studied by Verma and Bhatla,
2021, which indicates increasing CDD over NWI and southern peninsula.
On a wider scale, CDDs or dry period variation were analyzed over NWI,
NCI, WPI, EPI, SoPI, NEIL, CI and WG during monsoon (Fig. 4i(a-d))
during 1981-2015. The spatial maximum observed (IMD) distribution of
average CDD (above 45 days) has been widely spread over the NWI
region, including Gujarat, upper IGP, eastern Himalaya, Northern NEI
and eastern part of SoPI (Fig. 4i(a)). The medium range of CDD (~20-30
CDD) spread over WG EPI and NEI region depicted from the IMD data.
The comparative assessment of SA-CORDEX RCMs in simulating CDD
presented a clear picture of the length of the dry period which reflects
the degree of dryness in the model which eventually provides informa-
tion about drought variation during the summer monsoon. The length of
the dry period primes the factor of drought due to insufficient rain which
eventually disturbs agriculture production, vegetation growth and
public water supply. The SA CORDEX RCMs simulation of the CDD
demonstrated in Fig. 4i(b-d), RegCM4.7 and REMO showed the best
spatial representation of CDDs than COSMO. After that, COSMO shows a
huge overestimation of about 20 dry days over Al except for WG, NCI
and NEIL The temporal average CDDs showed the highest average dry
days over NWI i.e., 20 days and lowest over the NEI i.e., 7 days during
the monsoon period. From Table 4 significant trend of CDD over
different sub-regions has been calculated to examine the variation of dry
days during 1981-2015. Most importantly two regions NCI and NEI



S. Verma et al.

Table 5
Classification of flood and drought category based on standardized precipitation
index (SPI) (McKee et al., 1993).

Categories Flood Drought
Extreme Above 2.0 —2.0 or less
Severe 1.5to 1.99 —1.5to —1.99
Moderate 1.0 to 1.49 —1.0to —1.49
Near normal 0 to 0.99 0to —0.99

were showed a significant increasing trend in 35 years. The climato-
logically increasing trend of dry days are indicating a very serious sit-
uation of increasing drought as a result of less precipitation, the reason
behind this trend is explained by the drastic and rapid surface warming
over India since 2002 (Jin and Wang, 2017) due to land use/land cover
change and large-scale circulation change (Paul et al., 2016). The study
of Krishnan et al., 2020 described that the effect of anthropogenic
aerosol forcing over the northern hemisphere cause decline in the ISMR.
The significant decreasing trend of CDDs over SoPI during climatology
indicates more intense precipitation events will occur in near future.

The CWD indicates the maximum number of consecutive wet days
with a daily rainfall amount at least 1 mm. The observational average
spatial distribution of CWD highlighted in Fig. 4ii(a) showed 15-20
CWDs overall India except for high monsoon rainfall regions such as WG
(above 60 days), CI (35-40 days) and NEI (55-60 days). The highest
value of CWDs over WG, NEI and CI indicates a high chance of flooding.
The RegCM4.7 simulations for CWDs was highly overestimated overall
in India. Though, the precipitation simulation shows CWDs character-
istics very well in COSMO followed by REMO, these RCMs capture the
similar pattern of wet spell days as observation (Fig. 4iic&d). During the
climatological period, IMD observed the lowest value of CWDs over
subregions such as NWI (9), EPI (11), SoPI (11) & CI (12), on the other
hand, CWDs values were very high over WG (24) and NEI (23). The
average regionalized value of CWDs which are simulated by both RCM
COSMO and REMO hold satisfactorily over NWI, WPI, EPI, SoPI, CI as
compared to the IMD data. The COSMO simulated CWDs were over-
estimated over NCI, NEI and WG on the other hand REMO under-
estimated average CWDs over NCI and NEL

The NEI region is receiving the maximum amount of rainfall (during
the monsoon period but its erratic nature and topographical constraints
affect the regional forcing in the RCM thus affecting the values of pre-
cipitation counts. Furthermore, the significant decreasing interannual
trend has been observed over NEI (—0.4 day/year) and NCI (—0.08 day/
year) clearly indicates the weakening of monsoon rainfall over these
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important regions (Table 4). The NWI India received the least number of
wet days with no trend, but HPD and VHPDs trends are slightly
increasing in changing climate. This may be explained by monsoonal
wind flow which is northwestward from the BoB onto the subcontinent
so that most of the moisture is depleted before reaching the NWI region.
Among all selected subregions, five regions showed a decline in the wet
days (WDs) during 1981-2015, which shows that WDs/number of rainy
days (rainfall is 1 mm or more) is decreasing at an average rate of —0.23
days for every decade for all India. A similar decreasing pattern for the
interannual WDs has been observed over NEI (—0.44) and NCI (—0.08)
and EPI (—0.11) and CI (—0.08). The possible region behind these
decreasing rainy days is probably linked with the low cloud cover which
is responsible for bulk rainfall during the monsoon period is declining by
0.45%/decade on average (Jaswal et al., 2017). Clouds are the main
cause behind the interannual and decadal variability of radiation bal-
ance on earth/global energy balance. Thus, low-clouds cause uncer-
tainty in climate model predictions (Solomon et al., 2007). The major
erratic behavior of rainfall observed over WGs i.e., decreasing trend of
CWDs and increasing trend of WD, HPD, VHPD Table 4. The WG regions
received more no. of WDs, HPD (rainy days>20 mm) which is indicated
by their increasing trend value i.e., 0.06 in recent times. The value of
VHPD (rainy days>25 mm) was slightly increasing over the WG region.
Rajeevan et al., 2008 had highlighted the monsoon season may be un-
altered over the core monsoon region, however, the extreme precipita-
tion events have shown an increasing trend in the last five decades
(Mishra et al., 2012). Thus, recent erratic climatic behavior over the
most ecologically rich regions of India i.e., WG clearly observed as no
change in mean monsoon climatology but significant increase in the
extremes (such as HPD and VHPD), also plays a crucial role in deciding
the climatological characteristics of the country. The previous study by
Jha et al., 2020 discussed the significant climate warming signal (~ 0.8
+ 0.2 (SD) °C) of the WG of India in the past century. The possible
explanation of this behavior is associated with climate warming, which
impact our country in terms of loss of biodiversity, heatwaves, droughts
and flooding in the coastal regions (Das et al., 2020). The long-term
increasing trend of MDI over the NWI, WPI and EPI might be
explained by the changing precipitation characteristics under tempera-
ture warming (Trenberth et al., 2003; Giorgi et al., 2011).

The annual standardized departure of WDs and MDI conceptualized
the whole summer monsoon modulation in rainfall pattern over
different sub-regions of India (Fig. 5a-i). Firstly, the NWI region showed
the more positive (1983,1994, 2003, 2011 & 2013) and negative (1987,
2002, 2009 & 2015) departure in the case of WDs. Also, frequent and

Table 6

list of monsoonal drought and flood onset year based on SPI4 Index delivered by IMD and SA-CORDEX RCMs (RegCM47, COSMO & REM02015).
Drought years
AT NWI NCI WPI EPI SoPI NEI cI WG
1982+# 1987 ** 2002® 1985 1984 1987% 1994 1987* 1985+
1986* 2000 2004* 1986 1987 1999 1996 2000 1986
1987 2002 2009+* 1987 19977@ 20017 2006** 2002@ 1987
2002® 2009*#@ 2010+#@ 2015*#@ 2002* 2002%@ 2009¢ 2009** 20017
2004%@ 2014 * 2004+#@ 2003*@ 2011 2002*
2009+@ 2015 ** 2009+@ 2013*# 2015+%@
201 4*#@
201 5*#@
Flood years
AT NWI NCI WPI EPI SoPI NEI cI WG
1983* 1983 1984+ 1983+* 1983** 1981 1987 1990+#@ 1983+#
1988 *@ 1990 ** 1990*@ 1988*@ 1988+# 1983+#@ 1988+* 1994@ 1994*
1990+@ 1994@ 1994% 2005* 1989* 1988 *#@ 1989 2003*@ 2005
1994 2011%@ 1999%@ 2006*@ 1994 1996** 1990 2011@ 2006**
2005 2013 2003*@ 2006 2007* 1993 2013 2007*
2007+* 2008@ 20077 2011* 1998+#@ 2011%@
2011%@ 2011+@ 2010 2013
2013 2013*

Note-Severe & extreme event highlighted in bold; *RegCM47, *COSMO, ®REMO.
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standardized departure shows maximum extent during the 2005 year

extreme negative departure in the RDs has been observed after 2002 in

when WD (+2) and MDI shows +3.5 departure over WPI, this year

the NCI (Fig. 5b). The revival of the monsoon after 2002 shows a sig-

remarked as Mumbai extremely heavy rainfall (94.4 cm in 24 h), on 26

nificant reduction in WDs which is linked with the large-scale ISM sys-
tem (Jin and Wang, 2017). This year (2002) was an extremely

widespread drought mainly over the northern and western parts of

July 2005 (Chang et al., 2009; Pant et al., 2022). Thus, high number

WDs associated with the maximum value of MDI is the indicator for the
flood risk in any region. An unusual pattern of high MDI departure has
been observed during 2005 and 2006 where number of WDs were very
less over EPI region (Fig. 5d). The temporal variability of standardized

departure of MDI and WDs over the SoPI region was distinguished by

India, as the monsoon failed to advance and cover a large part of NWI

and IGP. Due to this 56% of the land experienced low monsoon rainfall,

affecting nearly 300 million populations and the loss was phenomenal in

every aspect economic, social, livestock etc. The El Nino event in 2014/
2015 cause warming over the Indian ocean (Dai et al., 2013) and pro-

three phases such as 1981-1996(moderate), 1997-2006(dry) and

2007-2013(wet) (Fig. 5e). The NEI regions show a unique temporal

duces a dry anomaly in 2015 over NCI, NEI, WPI & WG. In Fig. 5¢c WDs

10
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Fig. 6. a-I Climatological distribution of one day highest precipitation (RX1) and mead daily intensity (MDI) over India during 1981-2015.

pattern of which is evidence of decreased no. of WDs and MDIs from
2005 till 2015. In the years 2012 and 2015 MDI value (+2 & +1.5) was
showing the highest departure in contradiction with the lowest depar-
ture in number of WDs departure i.e., —2.5 and —1. This extraordinary
relation of MDI with WD shows that clear evidence of the occurrence of
extreme precipitation events in the recent decades (Roxy et al., 2015).
Thereafter, most recently high negative departure in WDs observed over
CI regions i.e., 2002, 2009, 2014 and 2015, also MDI have been asso-
ciated with the oscillatory behaviors for example 2015 high MDI asso-
ciated with least number of WDs indicating weak SWM over the CI but
rainfall intensity was high. The WG region received surplus amount of
mean ISMR, although the temporal behaviors of WD and MDI indicating
a well shifting in the ISMR pattern as after 2004 WD and MDI standard
departure was positive as shown in Fig. 5i except 2015. Thus, the tem-
poral pattern of WD and MDI over NEI and WG is alarming and conse-
quently more susceptible to drought and flood events respectively. The
report of Pohl et al. (2017) highlighted the fact that the number of WDs
and intensity of extreme events cause the major impact on rain-fed
agriculture in the tropics.

The spatial distribution seasonal rainfall (JJAS) intensity such as
maximum 1-day precipitation amount (RX1; unit-mm) and mean daily
intensity (MDI; unit-mm/day) of the observation data and the SA-
CORDEX RCMs simulated data (1981-2015) have been describing in
Fig. 6a-1. Maximum one-day precipitation is widely distribution along
different homogeneous zones of India, in which maximum distribution i.
e., above 350 mm of monsoon rainfall found in the region of Gujrat, WG,

11

Meghalaya, CI. The maximum one-day precipitation during monsoon
period over NWI and eastern side of the southern peninsula, the upper
Himalayan range has been received in the range of 100-200 mm.
further, CI and Meghalaya and WG received surplus amount of total one-
day precipitation (i.e., ~200-400 mm) in one-day (Fig. 6a) according to
the IMD gridded rainfall. The RCM’s (RegCM4.7 and COSMO) simulated
maximum one-day precipitation is in terms of observation except for the
NEI and adjoining zone, where RegCM4.7 overestimate the value
(Fig. 6b-c). The IMD data has been showing the MDI value in the range of
15-20 mm/day around the foothills of Himalaya, IGP, upper NEI, WPI,
EPI and CI except for some parts of NEI and WG (~20-30 mm/day). The
MDI value is very important in case of simulating the characteristics of
extreme rainfall over any region. The performance of RCMs RegCM4.7
and COSMO was underestimating the MDI value by 10-15 mm/days
especially over IGP and WPL On the other hand, REMO simulation for
one-day maximum precipitation and MDI is overestimated over CI, WPI
(25-30 mm/day) and its neighboring region (Fig. 6d&h).

Fig. 7(i)a-d represent the categorically specified precipitation event
based on 75th, 90th, 95th and 99th percentile of daily ISMR viz.,
moderate, wet, very wet and extremely wet rainfall of RegCM4.7,
COSMO and REMO with respect to observation data during 35 years
(1981-2015). The spatial distribution of IMD’s moderate rainfall
covering most of India is around 10 mm/days except WG, CI and NEI
which is in the range of 20-30 mm/day. In the next category namely,
wet rainfall is defined in the range of 40 mm/day for the regions CI and
IGP, on the other hand, sub-regions NEI and WG experience different
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Fig. 7. (i-iv) Spatial representation of categorically specified precipitation event based on 75th,90th,95th, 99th percentile of daily ISMR i.e., moderate, wet, very wet
and extremely wet days respectively during 35 years (1981-2010) (i) IMD, (ii) RegCM47, (iii) COSMO and (iv)REMO over India.

thresholds ~50 mm/day. The minimum threshold was achieved by the
NWI, the Himalayan and the Eastern part of SoPI (10-30 mm/day)
during wet precipitation and very wet precipitation respectively. The
scenario of very wet precipitation is accelerated with the regionalized
rainfall threshold such as subregion WG and NEI including Sikkim
experiencing the elevated threshold of rainfall in the range of 60-90
mm/day, and CI (~50-70 mm/day). Lastly, in the category of extremely
wet rainfall days, India’s two subregions are worst affected by the
extreme rain in the range of 120-150 mm/day viz., WG and Sikkim, the
upper part of west Bengal, Meghalaya. Other sub-regions of India, such
as CI, EPI, WPI showed the extremely wet rainfall limit in the range of
70-110 mm/day. Also, the regions with low average monsoon rainfall
viz., 30-50 mm/day. The RCMs viz. RegCM4.7, COSMO and REMO
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show the full agreement in simulating the moderate rainfall category
similar to the observation. The RegCM4.7 simulations in the category of
wet and very wet rainfall is very well distributed but a little bit under-
estimated over CI region (Fig. 7ii(a-b)). In the extremely wet rainfall
category model simulation has been under-confident when compared
with the IMD. In this category, the WG region shows the distribution in
the range of 90-120 mm/day which is less in comparison to IMD.
Another region of foothills of Himalaya and NEI, RegCM4.7 simulations
was highly overestimated (by +50 mm/day) when compared with the
IMD (Fig. 7(ii)d), it might be the orography effect of the Himalayan
range in the RCM simulation (Sinha et al., 2013). The next RCM COMSO
display well simulated the different category rainfall in Fig. 7(iii)a-d.
COSMO shadowing rainfall in wet and very wet rainfall category over
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Fig. 8. (a-h) Probability distribution function plot of precipitation intensity over different sub regions of India during 1981-2015.

the eastern side of SoPI and NWI in larger extent (~10 mm/day)
compare to the observation (IMD). The extremely wet rainfall category
spatial distribution has been well dispersed, slightly overestimated and
shifted towards the CI and foothills of Himalaya and NEI, otherwise,
except these regions all India considerably receiving less amount of the
rainfall as compared with the IMD. Further, the REMO performance in
simulating the different categorial rainfall distribution during
1981-2015, has been analyzed and compared with the IMD, rainfall in
the category of moderate and wet was well explained with the REMO
model and very similar with the IMD in terms of spatial distribution. The
95th and 99th (very wet and extremely wet rainfall) category rainfall
distribution were heavily overestimated than IMD data showed more
than 150 mm/day over WPI, CI and foothills of Himalaya (Fig. 7iv (d)).

The probability distribution function (PDF) of the precipitation in-
tensity (unit; mm/day) is illustrated in Fig. 8(a-h) as a function of daily
precipitation amount. Previously the analysis of different category
rainfall representation by the different RCM summarized that the RCMs
RegCM4.7 and COSMO are far better to represent the categorized
regionalized precipitation but on the other hand, REMO overestimated
simulation was not in favor of simulating 95th and 99th category rain-
fall. Thus, the REMO’s PDF of the precipitation intensity tends to
overestimate the frequency of intense precipitation (more than 200 mm/
day), especially over NWI, NCI, WPI, EPI, CI and WG. The over-
estimation in simulating precipitation intensity might influence moni-
toring and detection of the regionalized flood episode. The PDF
moderate and extreme rainfall intensity illustrate the good agreement
with the IMD observation and RCMs RegCM4.7 and COSMO except for
REMO. The RegCM4.7’s PDF curve is slightly overestimated over the
NEI and EPI as compared with IMD (Fig. 8(a-h)).

3.3. Spatial-temporal distribution of drought and flood in term of
occurrence and severity

After analyzing the different modulating characteristics of the
monsoon rainfall in terms of intensity, duration and frequency, further

an important aspect has been highlighted as phase transition (flood and
drought episode) during monsoon rainfall. The simulation and predic-
tion of flood and drought episodes by the numerical model is still a
challenging task for climate scientists. The main intent of this section is
to draw a comprehensive picture of conceivable modulation in flood &
drought characteristics using observation data (IMD) and RCMs
(RegCM4.7, COSMO and REMO) output. The temporal variation of
monsoon season SPI4 clearly indicates the occurrence, duration and
intensity of flood and drought episodes during 1981-2015 (Fig. 9d).
The major monsoonal drought episode was 1982, 1983, 1986, 1987,
1992, 2002, 2004, 2009, 2014 and 2015 overall India (Table 6). From
the meteorological perspective, these droughts are formed due to
persistent large-scale disruption in the global circulation pattern of the
atmosphere (Namias et al., 1988). Dai et al. (2013) reported in the re-
view article about substantially increasing global aridity and drought
areas mainly due to widespread drying since the 1970s. The previous
studies show that the prolonged and large-scale drought is associated
with the pacific sea surface temperature (SST) anomalies such as El Nino
Southern Oscillation (ENSO) (Dai et al., 2013). They also give the pre-
diction for future climate changes should consider the possibility of
increased aridity and widespread drought in coming decades. The study
of Jin and Wang, 2017 highlights the revival of the monsoon since 2002
(1.34 mm/day/decade) although the GCM failed to capture observed
rainfall revival and corresponding trends and land-ocean temperature
gradient. Therefore, the lacunae in current GCMs in simulating revival of
the tropical precipitation, ENSO, intraseasonal oscillation and another
tropical variability (Lin et al., 2006). The RCM RegCM4.7 well suitable
for perceiving the drought episode of 1983, 1986, 2014 and 2015, RCM
COSMO also found drought years 1982, 1987, 1995, 2009, 2014 and
2015 and RCM REMO also found the major drought year 1982, 1987,
1995, 2002, 2004, 2009, 2014 and 2015 (Fig. 9d & Table 6) over Al
India has been experienced the onset of 2002 extreme drought in the
year 1995 which is extended till 2004. This period (1995-2004) has
been witnessed longest deficit in summer monsoon (highlighted in Fig. 9
as prolong dryness) depicted by SPI4 might be linked with the
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Fig. 9. a-d Temporal distribution of SPI4 value during monsoonal drought and flood observed over All India during 1981-2015 (a). IMD, (b). RegCM47, (c). COSMO
& (d). REMO. *Arrow indicating flood duration («¢—) and drought duration (<¢—9).

enhancement of Tropical Indian Ocean (TIO) warming (Zhao and Zhang,
2016) which can be the possible reason behind lack in RCM performance
during this period.

The next temporal representation of the drought frequency in
different category i.e., moderate drought (MD), severe drought (SD) and
extreme drought (ED) has been analyzed with respect to all India and its
different regions (in Fig. 10a). All India’s MD, SD and ED elucidate as
12.1%, 2.9% and 2.1% respectively extracted from the SPI4 value of the
seasonal rainfall. As the model (RegCM4.7) calculated MD (10.7%)
frequency has been coming closer to the IMD whereas SD and ED values
are in the range 5.7% and 0.7% respectively. COSMO and REMO RCM
also, overestimate the SD (5.7% and 6.4% respectively) frequency from
the IMD. The more difficult representation of the ED frequency was well
captured by the COSMO (2.9%) which is closer to the IMD. The analysis
of MD, SD and ED with respect to all subregions and RCMs’ performance
was complex to explain, thus those subregions showing more frequency
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of drought category has been explained in this study. Among eight sub-
regions highest MD frequency was observed over WPI (12.1%), WG
(11.4%), EPI (10.7%), CI (10.7%) and NEI (10.7%) regions according to
IMD, and model performance was not consistent to one RCMs. The SD
frequency is quite variable among the Indian subregions, in which CI
(8.6%) and NWI (7.9%) were severely affected zones as per IMD’s SPI4
values (1981-2015). The ED category showed the highest frequency in
the SoPI (5%) region, this is probably due to presence of the leeward side
of the WG hills which is a drought-prone area because they receive
scanty rainfall during the monsoon (Fig. 10(a)).

The temporal distribution of SPI4 values (1981-2015) indicating the
flood events i.e., 1983, 1988, 1990, 1994, 2005, 2007, 2011 and 2013
among them 1983 and 1988 Al flood was in extreme flood category
(Fig. 9d & Table 6). Recently India did not face any Al flood event in the
severe/extreme category because recently flood events are more likely
to a localized/regionalized events in term of severity. The emerging
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Fig. 10. a-b: The observed (IMD) and RCM simulated flood and drought frequency depicted by SPI4 over Al and its regions during the period of 1981-2015.

hotspot for the major flood affected sub region are NCI, WG and EPI
region which experiences almost 7 events (1984, 1990, 1994, 1999,
2003, 2008 & 2011), 7 events (1983, 1994, 2005, 2006, 2007, 2011 &
2013) and 8 events (1983, 1988, 1989, 1994, 2006, 2007, 2010 & 2013)
respectively (Fig. 9d & Table 6). The long-range deficient characteristics
of nature of ISMR over NEI have not been shown any recent flood case
after 1998 which was extreme flood event (major monsoonal flood year
over NEI 1987, 1988, 1989, 1990, 1993 & 1998 based on SPI4; Table 6),
this may be due to tree cover loss (that’s means total canopy lost) in the
North east 76% or ~ 1.4 million hectares (Nagaland contribution was
maximum), the probable influence of changing local climatic factors and
anthropogenic activities such as change in land use land cover (LULC)
(Roy et al., 2015; Kuttippurath et al., 2021). The CI region have expe-
rienced four major monsoonal flood events such as 1990, 1994, 2011
and 2013 is subject of concern in the recent year. The SA-
CORDEXsimulation was well expressed the monsoonal flood in term of
duration, and intensity especially in RegCM4.7 and REMO for AI
(Fig. 9b-d).

Similarly, in Fig. 9(b) monsoonal flood frequency has been calcu-
lated in different category i.e., moderate flood (MD), severe flood (SF)
and extreme flood (EF) during 1981-2015 based on SPI4 values. The MF
(10%) and SF (3.6%) have been observed over Al which is well repre-
sented by the mainly RegCM4.7 simulations, but EF (1.4%) failed to
simulate by any of the RCMs. The major contributed MF has been well
distributed over all subregions of the India except WPI where SF (6.4%)
and EF (4.3%) has largest contribution among flood category. One more
region is highlighted in Fig. 10b i.e., NEI which is among the highest
rainfall receiving zones of the India observing 3.6% of EF in this region.
The model simulation more or less well fitted in calculating the MF and
SF over Al, NWI, NCI, SoPI, CI whereas WPI, EPI, NEI and WG were
showing large fluctuation in computing flood frequency. Overall,
addressing and anticipating modulated behaviors of ISMR in the present
climate scenario is critically important for regional adaptation against
drought and flood severity at the regional level.
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3.3.1. Spatio-temporal pattern of year-to-year variability in drought and
flood events using EOF

Drought and flood could be driven by the major characteristics of
meteorological and hydrological processes and it is assumed that this
structure could be separated into orthogonal sub-climate regimes via
empirical orthogonal function (EOF) which can also be referred to as
principal component analysis (PCA; Tatli and Tiirkes, 2011). This
analysis was proposed by Lorenz (1956) in the atmospheric sciences.
Here we have applied EOF analysis on the spatial monsoon SPI to reveal
the dominant spatio-temporal patterns of regional drought and flood
(Fig. 11a—e). The first EOF mode (denoted as EOF1) of the IMD, which
explains about 17% of the total SPI variability on the interannual time
scale, shows SPI rainfall pattern with anomalous large positive values
concentrated over the western peninsular region and extending towards
central India as well as the NWI region of India (Fig. 11(al)). On the
other hand, we observed anomalous negative values over the NEI and
eastern parts of the Indo-Gangetic Plain. This finding validates with the
study of (Mallya et al., 2016) which explains the drought characteristics
in terms of duration, intensity, and frequency indicating that droughts
are no longer large-scale phenomena, it is converting into regionalized
droughts signal over eastern India and IGP. The observed second EOF
mode (EOF2) as shown in Fig. 11(a2) is characterized by negative SPI
anomalies over monsoon core zone (including the WG) and parts of the
western Himalayas and strong positive anomalies over the SoPI and also
positive value in the parts of the Indo-Gangetic Plain. The comparison of
the EOF1 pattern calculated by the RCMs presented a clear picture of the
validation of model output in simulating the drought flood variability on
spatial and temporal skill elucidate that RegCM4.7 and COSMO have a
similar pattern as IMD and showing the total variance of about 31% and
21% respectively (Fig. 11(b1&d1). On the other hand, REMO is able to
show the closest variance (i.e. 15%; Fig. 11(c1)) but it is not able to
capture the positive anomaly signature over the WPI and NWI region.
The spatial pattern of EOF2 with 11% of total variance obtained from
RegCM4.7 shows closest resemblance with the observation and
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Fig. 11. a-e: The first and second leading mode of EOF of the standardized precipitation Index (SPI) in (al & a2) observation (IMD) and CORDEX-SA RCMs’; (b1&b2)
REGCM, (c1&c2) REMO and (d1&d2) COSMO; (el & e2) indicating temporal distribution of normalized principal component of first and second EOF respectively
during 1981-2015. *The percentage of total varaiance explained by each EOF modes is shown in () at the top of each panel.

successfully captures the bipolar distribution of variability over India
(Fig. 11(b2-d2)). The corresponding normalized principal component
(PC1 & PC2) of IMD and RCMs were used to understand the temporal
structure in the prominent modes of variability of floods and droughts
(Fig. 11(el)), the main contributing PC1 explained about the 75% of the
flood events (1983, 1988, 1994, 2005, 2011, 2013) and drought event
(1982, 1987, 2002, 2004 and 2009) by 62.5% calculated by SPI
(Table 6) hence the majority flood and drought event captured by the
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PC1 proves EOF1 will provides the best possible regional variability of
these events in term of severity and occurrence.

The spatial patterns of major drought and flood years are depicted
using composite plots. The monsoonal droughts (1982, 1987, 2002,
2004 & 2009) and floods (1983, 1988, 1994, 2011 & 2013) years have
been considered for plotting the composite of spatial monsoon SPI of the
IMD and SA-CORDEX RCMs (Fig. 12a-h) and most of the events/years
coincide with PC1 and PC2. The prominent drought pattern during 35-
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year climatology covers 80% of India, except lower IGP and NEI, the
maximum concentration of drought observed over NWI extending over
CI (Fig. 12a). The model performance in capturing the composite of
droughts was specially observed in COSMO followed by REMO
(Fig. 12e&g). The Intensity of the drought SPI was lower than obser-
vation in RegCM4.7 (Fig. 12c). The spatial distribution of SPI flood
events in IMD also consists of all India except, Lower IGP & NEI, which
highlights that both regions (lower IGP and NEI) acquired different or
opposite dynamics from all India to explain the occurrence of flood and
droughts (Fig. 12a&b). However, the RCMs performance elucidate the
performance of COSMO was best in simulating the flood events over
India (Fig. 12f), Instead, RegCM4.7 (Fig. 12d) showed the dryness
particularly, over the NWI, CI and WG. The REMO calculate SPI indices
showed the dryness/drought pattern over the EPI, NEI and SoPI region
(Fig. 12h). Therefore, this study underscores the importance to under-
stand regional variation/variability of the precipitation indices, drought
and flood characteristics in the context of futuristic role of models to
identify regional hotspots.

4. Conclusions

The Indian summer monsoon is showing phase alteration with
frequent moderate to severe drought and flood episodes and the simu-
lation of these episodes is still a challenging task for the climate
modeling communities. The WCRP CORDEX community is making
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efforts to improve the Indian summer monsoon simulation under SA-
CORDEX programme. The latest ERA-Interim driven high-resolution
RCMs (RegCM4.7, COSMO & REMO2015) simulation has been exam-
ined to understand the capabilities of the models in simulating spatio-
temporal variation of the mean precipitation (including the wet and
dry spells), high impact precipitation events and the drought and floods
conditions for the period of the 1981-2015. The significant decreasing
ISMR trend dominated over north central India (NCI; —0.03 mm/day)
and north east India (NEI; —0.08 mm/day) which are accompanied with
significant decreasing trend of consecutive wet days i.e., NEI (—0.4 day/
year) and NCI (—0.08 day/year) clearly indicates the weakening of
monsoon rainfall over these important regions. Also, the increasing
trend of consecutive dry days over these sub regions are indicating a
very serious situation of increasing drought as a result of less precipi-
tation, the drastic and rapid surface warming over India since 2002 (Jin
and Wang, 2017), land use/land cover change and large-scale circula-
tion change (Paul et al., 2016).

The RCMs has good potential to elucidate the modulation in the
ISMR in terms of frequency, duration and Intensity. On the regional
scale viz NEI and NCI, significantly increasing drought characteristics
(duration, intensity and frequency) had been observed which could be a
slow-driver in terms of decrease in mean monsoon rainfall and could
also leads to ‘critically regionalized hotspot susceptible to drought’. In
terms of flood conditions, two critical zones are highlighted as SoPI
including the WG region, which can be demarcated in the category of
‘critical regionalized flood zones’. The phase modulation synchroniza-
tion of COSMO simulation during drought and flood were best followed
by RegCM4.7 and REMO. The first mode of the EOF exhibits (17%
variance) well defined regionalized signature of maximum drought
variability over the NCI & NEI region and high floods variability
concentrated over NWI, lower CI and WG. On the other hand, the second
mode mainly articulated the dipolar structural variation in the flood
events (SoPI region except for WG) and drought events (CI region). The
main contributing principal component (PC1) explained about the 75%
of the flood events (1983, 1988, 1994, 2005, 2011, 2013) and drought
event (1982, 1987, 2002, 2004 and 2009) by 62.5%, hence the majority
flood and drought event captured by the PC1 proves EOF1 will provides
the best possible regional variability of these events in term of severity
and occurrence. Inclusively, the latest SA-CORDEX models show
considerable skill in simulating various characteristics of the Indian
summer monsoon compared to the previous low-resolution SA-CORDEX
simulations (~50 km) with same models, which indicates that
increasing the resolution of the model can improve the simulation but
these models are more susceptible to simulate drought than the flood
characteristics in terms of duration, frequency and severity. Interesting
and application-based results are obtained that allowed the future
application of the methodology in different sub regions of India, in a
comparative way to bring out regionalized modulation in the
precipitation.
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