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Abstract
Climate studies are essential in understanding the Earth's climate system and its dynamics. Numerical
models play a signi�cant role in these studies by simulating the behaviour of the atmosphere and
providing insights into future climate scenarios. In the recent years, the Weather Research and
Forecasting (WRF) model has emerged as a widely used tool for studying climate on regional scales. In
the present study, we simulated the mean features of the Indian summer monsoon (June through
September) climate using the WRF regional climate model. The WRF model with a horizontal resolution
of 25 km is driven by the Community Climate System Model version4 (CCSM4) for the period 2006-2021
which is a part of the �fth generation of Coupled Model Inter comparison Project (CMIP5) using the
Representative Concentration Pathway 6.0 (RCP6.0) over the South Asia Coordinated Regional
Downscaling Experiment (SA-CORDEX) domain. The model is simulated on a continuous mode
throughout its annual cycle for the period of integration. But for the presentation of results, the summer
monsoon months of JJAS for the period 2007 to 2021 are only analysed. The performance of the model
was assessed through the study of the spatial distribution of Air temperature (2m), Winds, Pressure,
Rainfall, and the Vertical Integrated Moisture �ux convergence (VIMFC). The simulated parameters were
compared to those in ERA5 reanalysis and the India Meteorological Department (IMD) gridded rainfall.
The performance of the WRF model was evaluated for simulating the regional scale precipitation over 5
homogenous rainfall zones of India. The WRF model accurately reproduces the Tropospheric
Temperature Gradient (TTG) between the southern and northern regions. The sub-regional scale analysis
of the simulated 2m temperature and precipitation for 30 meteorological subdivisions of India reveals
that the WRF model performs better than the CCSM4 model. Results indicate that the model is able to
capture the mean climatological features of the monsoon viz. monsoon onset, low-level Jet and the
upper-level tropical easterly jet.

1. Introduction
An extensive knowledge of the climate change is very essential for scientists and policy makers since it is
very crucial and has a very high impact on agriculture, health and water resources and the associated
dynamics (Parthasarathy et al. 1994; Guhathakurta and Rajeevan 2008; Ghosh et al. 2016; Rai et al. 2018;
Kumar et al. 2020; Katzenberger et al. 2021). Hence, there is a high sense of necessity for generating
future climate scenario data for climate predictions. The variability of climate is studied on different
scales such as inter annual, inter decadal and climate cycles. Normally, a climate cycle is considered for a
period of 30 years (Schneider and Dickinson, 1974). Presently, coupled global climate models are being
used to simulate future climate but these global models have a constraint on model resolution due to a
huge demand of high speed computational resources. Hence to study the climate and its variability on a
�ner scale, we need to resort to regional climate models.

The Indian summer monsoon has been experiencing a sea change in its climate since 1995 Majra and
Gur (2009). Since 1980’s several studies were in vogue for simulating regional climate; Giorgi (2019)
presents an extensive review on regional climate modelling and a similar review has been given by Dash
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et al. (2017) for regional climate studies over the Indian Subcontinent. The state of the art for studying
regional climate is called dynamical downscaling which refers to the use of regional climate models to
dynamically simulate the effects of large scale climate processes downscaled to regional scales. This
technique of dynamical downscaling from global models to regional climate models was �rst introduced
by Dickinson et al. 1989, and Giorgi and Bates, 1989.

Regional climate model studies have been successfully performed and adapted for various regions of the
world mainly for the domains promoted by the CORDEX program. Many studies have been made for
these CORDEX domains viz. South America (Chou et al. 2000, Menendez et al. 2001, Nobre et al. 2001,
Nicolini et al. 2002,, Misra et al. 2002b & 2003, Seth and Rojas,2003 and Rojas and Seth,2003, Falco et al.
2019, Gomes et al. 2022), Central America (Cavazos et al. 2019, Cabos et al. 2019, Rivera et al.
2022),North America (Caya and Laprise,1999; Plummer et al. 2006; Caldwell et al. 2009; Meyer and Jin
2017; Martynov et al. 2013, Prein et al. 2019, Bukovsky et al. 2020), Europe (Christensen et al. 1997;
Giorgi 1990; Jones et al. 1995,1997; Machenhauer et al. 1998; Heikkila et al. 2011; Dasari et al. 2014;
Nastos and Kapsomenakis, 2015; Warscher et al. 2019; Jacob et al. 2020, Vautard et al. 2021, Outten and
Sobolowski,2021), Africa (Hernández-Díaz et al. 2013; Laprise et al. 2013; Ayugi et al. 2020; Demissie and
Sime,2021), East Asia (Kida et al. 1991; Hirakuchi and Giorgi 1995; Gao et al. 2015; Raghavan et al. 2016;
Zou et al. 2016; Ratna et al. 2017; Afrizal and Surussavadee 2018; Gu et al. 2018; Kim et al. 2021), Central
Asia (Öztürk et al. 2012; Qiu et al. 2017; Russo et al. 2019; Rai et al. 2022), Australasia (Wamahiu et al.
2020; Evans et al. 2021; Nishant et al. 2021; Turp et al. 2022), Antarctica (Souverijns et al. 2019; Bozkurt
et al. 2020, 2021; Carter et al. 2022), Arctic (Berg et al. 2013; Glisan et al. 2014; Koenigk et al. 2015;
Takhsha et al. 2018), South East Asia (Chotamonsak et al. 2011; Tangang et al. 2019,2020). Apart from
the above studies, many studies have been made for the SA-CORDEX domain especially for the Indian
sub-continent (Maharana and Dimiri,2014; Karmacharya et al. 2015; Raju PVS et al. 2015; Iqbal et al.
2017; Maity et al. 2017; Choudhary et al. 2018; Pattnayak et al. 2018; Maurya et al. 2018; Rana et al.
2020; Singh et al. 2021; Tyagi et al. 2022; Ramakrishna et.al. 2022; Barde V et al. 2023).

Polanski et al. 2010 used a regional climate model HIRAM to investigate the Indian summer monsoon for
the period 1958–2001 at a horizontal resolution of 50km with the initial and lateral boundary conditions
taken from ERA40 reanalysis data. Kumar et al. 2011examined the impact of global warming on the
Indian monsoon climate using Hadley Centre's high resolution regional climate model, PRECIS (Providing
REgional Climates for Impact Studies). The simulations correspond to the Intergovernmental Panel on
Climate Change (IPCC) Special Report on Emissions Scenarios (SRES)-A1B emission scenario and are
carried out for a continuous period of 1961–2098. Mathison et al. 2012 performed four regional climate
model simulations with the HighNoon regional climate model for India and Himalaya at a resolution of
25km from 1960 to 2100 to provide an ensemble of simulations for the region. Saeed et al. 2012
proposed an evaluation framework for the better assessment of the capability of an RCM in capturing the
fundamental structure of South Asian Summer Monsoon (SASM), because the regional climate model
(RCM) deals with only few variables which is insu�cient for the validation. To achieve this, the
framework has been applied to the regional climate model REMO using ERA40 as boundary conditions
for the period 1961–2000. Maharana and Dimri, 2014 studied the climatology and the inter annual
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variability of basic meteorological �elds over India and its six homogeneous monsoon sub regions by
using the Regional Climate Model Version 3 (RegCM3) for the period 1980–2001 with the initial and
lateral boundary conditions taken from NNRP2. Dasari et al. 2014 performed regional climate simulations
of the Europe for a period of 60 years (1950–2010) by using the WRF model at a resolution of 25km. The
model is forced with NCEP 2.5 degree reanalysis as initial and lateral boundary conditions. Syed et al.
2014 performed simulations using two regional climate models RegCM4 and PRECIS over South-Asia by
downscaling the global data of ERA40 reanalysis and ECHAM5 general circulation model for the summer
monsoon in order to estimate the uncertainties of the RCMs in reproducing the present-day climate
(1971–2000). Niu et al. 2015 studied the Indian monsoon climate for the control climate period 1981–
2000 obtained from three global climate models (GCMs) and seven regional climate models (RCMs).
Halder et al. 2016 studied the role of Land Use Land Cover (LULC) on the Indian summer monsoon
rainfall and temperature using a regional climate model (RegCM4.0) for the period 1951–2005. Two sets
of model simulations were performed each for 27 years with similar lateral boundary conditions (LBCs)
from NCEP/NCAR reanalysis and Reynolds weekly SST prescribed at the lower boundary, but different
land cover for the years 1950 and 2005 as �xed lower boundary condition. Karmacharya et al. 2015
carried out three experiments to understand the in�uence of domain size and shape on the inherent
model biases; i.e., with GCM simulation, with nudged GCM simulation and with RCM simulations over
four different domains. Gao et al. 2017 investigated the relative role of the land surface schemes and
forcing datasets in the Dynamical Downscaling Modelling (DDM) over the Tibet Plateau (TP), a region
complex in topography and vulnerable to climate change. Three simulations with two land surface
schemes were performed using the WRF model at 30km resolution for the period 1980–2005. Two
simulations were forced by the ERA-Interim reanalysis dataset and the other simulation was forced by a
GCM-CCSM. Iqbal et al. 2017 conducted a number of simulations with the fourth release of the Rossby
Center Regional Climate Model (RCA4) within the SA-CORDEX at 50 km horizontal resolution which are
evaluated for mean summer (June–September) and winter (December–March) climate for the period
1980–2005. Choudhary et al. 2018 assessed the performance of 11 regional climate simulations of SA-
CORDEX in representing the precipitation patterns of summer monsoon over India for the period 1970–
2005. Pattnayak et al. 2018 assessed the performance of two versions of RegCM models (V4.2&V4.3) by
simulating the Indian summer over the South Asia for the period 1998–2003 with an aim of conducting
future climate change simulations. Fonseca and Martin-Torres,2019 simulated the climate of the
Kerguelen Islands by using the WRF model at a horizontal resolution of 3km for the period April 1986-
March 2016.

Huo and Peltier,2020 investigated the South Asian Monsoon using the WRF model at a horizontal
resolution of 10km over Indian sub-continent for the period 1980-94. Rana et al. 2020 investigated the
model errors and the projected climate change in seasonal mean temperature and precipitation over
South Asia by using two ensembles of climate simulations; one global and one regional. The regional
climate model RCA4 is simulated by downscaling the global ensemble (includes 10 global climate
models) and the regional ensemble (all 10 GCMs) over South Asia at 50km resolution for the period
1981–2010. Ramakrishna et al. 2022 studied the climate of India by generating the regional climate data
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using the WRF model at 25km horizontal resolution for the period 1976–2005 using CMIP5-CCSM4 as a
forcing data. The model simulated outputs were categorized for four seasons and are compared to the
observational datasets. The results indicate that the simulated pre-monsoon heating and post-monsoon
cooling over the land is in good agreement with the analysis and that the simulated rainfall over central
and south peninsular India during south west monsoon season is well distributed. This validated data
would be useful for identifying the climate change on regional scales and also useful for agriculture and
water vapour availability for future climate studies.

Barde et al. 2023 examined the projected changes in the Indian Summer Monsoon Region (ISMR) over
East India (EI) with two emission scenarios, RCP4.5 and RCP8.5, for near (2017–2040) and far-future
(2041–2070) projections using a set of ten CORDEX-SA Regional Climate Model (RCMs). The above
information reveals that out of 19 studies, 14 were done for climate simulation over India. Out of the 14
done for India, 10 studies were for the Indian monsoon season.

For the present study, WRF (ARW) model has been used to derive the regional climate data pertaining to
future climate simulations with RCP6.0 scenario. The rationale for choosing the RCP6.0 is due to its
middle of the ground approach to future changes in radiative forcing. In RCP6.0, total radiative forcing is
stabilised at 6.0 W/m2 after 2100 by utilising a variety of technologies and strategies for reducing
greenhouse gas emissions. This is accomplished by time series of emissions and concentrations of the
full suite of greenhouse gases, aerosols, chemically active gases, as well as land use/land cover. This
study forms a part of the project sponsored by the Govt. of India, Department of Science and Technology
(DST) under the aegis of National Mission on Strategic knowledge for Climate Change (NMSKCC).The
very purpose of this study is to derive the future climate projections and the advantages of the regional
climate model from a general circulation model. The present study is motivated to evaluate the
performance of the WRF model in deriving the regional scale features using the currently possible 15 year
simulations of 2007–2021. This evaluation is a possible indicator of the assumed greenhouse emissions
and the formulation of model physics. The future climate projections that are generated and validated
have many applications in sectors like agriculture, health, water resources and climate change
adaptations. The present paper is divided into 5 sections. Section 1 is on introduction, section 2 gives the
details of the CCSM4 and the WRF models. Section 3 describes the data and methodology adapted for
the present study, section 4 presents the results, and section 5 summarizes the results.

2. Description of the Models

CCSM4 Model:
The CCSM4 model was developed and maintained by the National Center for Atmospheric Research
(NCAR, US) which is a coupled general circulation model consists of four components i.e., atmosphere,
land, ocean and sea-ice through a central coupler component that exchanges state information and
�uxes between the components (Gent et al. 2011). The CCSM is one of the climate models included in the
World Climate Research Program’s (WCRP’s) CMIP5 (Taylor et al. 2012). The CCSM4 is a subset of
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Community Earth System Model (CESM1). The CESM1 is a coupled global climate model that provides
state of the art computer simulations of the Earth's past, present, and future climate states. The CCSM4
uses CAM4 model for the simulation of the atmospheric component. The detailed information of the
model con�guration is described in Appendix. The CCSM has been widely used in studying several
paleoclimate epochs, the climate of the more recent past, and to make projections of future climate
change (Gao et al. 2017). CCSM4 uses the conventional approach in the form of shallow and deep
convection parameterization (Neale et al. 2013). The detailed information regarding the model and the
availability of data is in https://www.cesm.ucar.edu/models/ccsm4.0/ website. Several climate studies
have been done using the CCSM4 model data (Cook et al. 2012; Islam et al. 2013; Ma et al. 2015; Meyer
and Jin 2016; Stan and Xu 2015; Gao et al. 2017; Ramakrishna et al. 2022).

WRF Model:
The WRF model used here for the regional climate simulations is a state of the art model developed by
NCAR which is a mesoscale numerical weather prediction system designed for both atmospheric
research and operational forecasting applications. It is a non-hydrostatic mesoscale model that uses
terrain following hybrid sigma-pressure vertical coordinate system available with several advanced
physics and numerical schemes, designed for better prediction of atmospheric processes. Further details
of the WRF model can be found at Skamarock et al. (2008). Several climate studies were done using the
WRF model (Dasari et al. 2014; Meyer and Jin, 2015; Raghavan et al. 2016; Abdelwares et al. 2018;
Fonseca and Martín-Torres, 2019).

3. Data and Methodology

Datasets used
The CCSM4 model is used to drive the boundary conditions for the WRF model. The atmospheric and the
ocean surface temperature data needed for generating the initial and boundary conditions for
simulations are provided in a single bias corrected datasets of CCSM4, which are available in the
Intermediate �le format speci�c for WRF/MPAS in the website (https://rda.ucar.edu/datasets/ds316.1/)
(Bruyere et al. 2015). These datasets include a historical simulation and three future projections. A 20th
century simulation (“20THC”) was forced by observed natural and anthropogenic atmospheric
composition changes spanning 1951–2005 and the future projections are generated under RCPs 4.5, 6.0
and 8.5 (Moss et al. 2010), spanning 2006–2100. The data provided at a horizontal resolution of 1.250

latitude x 0.90 longitude and are interpolated to 26 pressure levels at every 6-h regular intervals is used for
the present study.

The �fth-generation European Center for Medium-Range Weather Forecast (ECMWF) ERA5 reanalysis
(Copernicus Climate Change Service, 2017) was used for the validation of the atmospheric variables. The
ERA5 dataset provides hourly estimates for a large number of atmospheric, ocean-wave and land-surface
quantities globally at a horizontal resolution of 0.25° x 0.25° (atmosphere), 0.5° x 0.5° (ocean waves).
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The data has been regridded to a regular lat-lon grid. For the validation of rainfall, daily gridded
precipitation dataset over the Indian landmass from the India Meteorological Department (IMD) providing
New High Spatial Resolution at 0.250 X 0.250 (Pai et al. 2014) is used. This new gridded dataset is
prepared by collecting daily rainfall records from 6955 rainfall gauge stations (highest number of
stations) in India. This dataset is available in millimetres (mm) for 122 years (the long period 1901–
2022) arranged in 135x129 grid points and can be accessed through
https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_NetCDF.html. The daily gridded maximum and
minimum temperature dataset from IMD at a resolution of 10 X 10 is used (Srivastava et al. 2009) to
perform the statistical metrics for sub divisions.

Methodology
Regional climate model simulations for the period 2006–2021 using the WRF model are presented in this
study. The rationale for choosing the period is that we have simulated the climate from the period when
the RCP 6.0 scenarios corresponding to the CCSM4 have been ingested. The simulation has been
performed using Advanced Research WRF model version 3.9 (Skamarock et al. 2008) over the SA-
CORDEX domain covering 15.50 E − 116.50 E and 16.50 S- 47.50 N with 389 grid points in the east-west
direction and 274 grid points in the north-south directions (Fig. 1). The physics included the WSM6
microphysics, BMJ for cumulus convection (Betts and Miller 1986), (Janjic 2000), RRTMG for both
shortwave and long wave radiation processes (Iacono et al. 2008) and the Yonsei University scheme
(YSU) for the Planetary Boundary Layer (PBL) turbulence (Hong et al. 2006). Detailed information is
presented in the Table1.

In an earlier study, the WRF model at 25km horizontal resolution was integrated for the period 1971–2005
using CMIP5-CCSM4 data (Ramakrishna et al. 2022). In the present study, the model is forced with the
CMIP5-CCSM4 RCP6.0 boundary conditions for the period 2006–2021. The model integrations were
carried out from 1st January 2006 up to 31st December 2021 for a continuous period in a climate mode.
But for the analysis, we chose the summer monsoon (JJAS) season only for the period 2007 to 2021
considering 2006 as spin-up-time. The regional climate simulations are expected to simulate �ner
features compared to the CCSM4 global climate model which is used as the forcing to the WRF regional
climate model. The WRF regional climate model results are validated in terms of the simulated
atmospheric variables of 2m air temperature, Mean Sea level Pressure and Winds in comparison with
ERA5 reanalysis dataset and rainfall with IMD gridded dataset. To assess the evolution of summer
monsoon, the latitude-pressure cross section of vertical velocity (ω)(Kumar et al. 2020) and the Vertically
Integrated Moisture Flux Convergence (VIMFC) (integrated over 1000 to 300hPa) (Fasullo and
Webster.2003 and Ramakrishna et.al 2017) have been computed.

The equation for VIMFC is as follows
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where ‘g’ is the acceleration due to gravity, ‘u’ and ‘v’ are zonal and meridional components of wind, ‘q’ is
speci�c humidity, ‘p’ represents the pressure.

Further, to investigate the intensity of the monsoon circulation and the gradient between land and sea, the
Tropospheric Temperature Gradient (TTG) is calculated between the southern (150 S-50 N, 400 E-1000 E)
and the northern (50 N-350 N, 400 E-1000 E) regions during JJAS and presented. The evaluation of the
model simulated rainfall is validated with the IMD gridded data by performing the statistical metrics for
only �ve homogenous regions of India by excluding the hilly regions. The homogeneous regions are
considered following Parthasarathy et al (1995). In order to illustrate the meridional variations adequately
to the south and north of the monsoon trough, the zonal wind cross-section and meridional distribution of
temperature were generated along the 780E longitude, which roughly passes through the median. In
addition the evaluation of model simulated surface temperature and rainfall is done at sub divisional
scale by performing the statistical metrics (i.e.) mean and standard deviation. The IMD uses 36
subdivisions for operational forecasts out of which only 30 subdivisions were used for the evaluation
after excluding the hilly regions and the Islands in the Bay of Bengal and Arabian Sea. The temperature
and rainfall for each subdivision from the grid point values has been computed by taking the area
average of the corresponding subdivision.

4. Results and Discussion
The months of June, July, August and September comprise of the summer monsoon season which is the
most important period for the Indian Sub-continent from a view point of agriculture and water
management. The monsoon gets generated due to the differential heating of the Indian sub-continent
and the North Indian Ocean. The model simulations for the Indian sub-continent would be termed as
good if they can reproduce the primary features of the Indian summer monsoon namely, the heat low over
the north western parts of India, the axis of the monsoon trough, the low level jet over the south peninsula
and the Tropical Easterly Jet near to 100 N. 

4.1. Spatial distributions:

In the following, the seasonal (JJAS) mean spatial distributions of 2m air temperature, mean sea level
pressure (MSLP), wind at 850 hPa and 200 hPa and surface rainfall are presented and the salient
features only are portrayed. 

4.1.1.2m air temperatures: The spatial distributions of mean 2m air temperature (0K) simulated by the
WRF model and the CCSM4 model and ERA5 reanalysis are presented (Fig.2 a,b,c). The difference
between WRF and ERA5, which indicate model bias are presented in (Fig.2d.) and the difference of the
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mean 2m air temperatures between the two periods of (2007-2021)and(1976-2005) for the WRF model
and ERA5 reanalysis are presented in (Fig.2e and 2f). The temperature minima over the Himalayan and
the Tibetan plateau region are well reproduced. The WRF model simulated temperatures show higher
values over the northwest part of the Indian sub-continent in comparison to the temperatures of CCSM4
and ERA5. The model also shows higher values in the northern parts of India and slightly lower values
over Kerala and parts of Karnataka compared to the CCSM4 but with higher values over the Western
Ghats compared to the ERA5 reanalysis. This slight variation may be attributed to the differences in the
representation of orography of the Western Ghats in the WRF and CCSM4 models. The meridional
gradient of the temperature is more in the WRF model as compared to the CCSM4 and ERA5. The model
simulated surface temperatures are similar to those in the CCSM4 while in the ERA5 analysis they show
slightly lesser temperatures over the Western Ghats. The bias for the surface temperature (WRF-ERA)
shows positive bias over Rajasthan and parts of Uttar Pradesh while it shows negative bias over Tamil
Nadu, Kerala and western part of the Himalayan region. From the �gures (2e and 2f) a strong warm
tendency of 0.50 K is observed over Indian landmass region in ERA5 analysis whereas in the WRF model
a warm tendency of 0.250K is observed in most parts of India except Central India which indicates
underestimation of temperatures over that region by the WRF Model. Further the deviation is higher over
central India which is generally hotter than the southern parts. This underestimation of the temperatures
may be attributed to the adopted physical parameterization schemes in the WRF model.

4.1.2. Mean Sea Level Pressure (MSLP):  The spatial distributions of MSLP (hPa) simulated by the WRF
model and the CCSM4 model and ERA5 reanalysis are presented (Fig.3 a,b,c). The difference between
WRF and ERA5, which indicate model bias are presented in Fig.3d.  and the difference of the MSLP
between the two periods of (2007-2021) and (1976-2005) with the WRF model and ERA reanalysis are
presented in Fig.3e and 3f. The model simulated MSLP is in good agreement with CCSM4 simulation and
ERA5 analysis but the WRF model shows strong pressure gradients between northern parts of India and
southern parts of India, which correspond to higher temperature gradients over the same region. The
observed lowest pressure over the Northwest India is around 1000hPa in WRF, CCSM4 and ERA5
analyses whereas this area of lowest pressure extends up to the eastern parts of India in the WRF Model.
The extent of the monsoon trough is better simulated in the WRF model where the negative bias could be
seen right from the Northwest parts up to the Northeast parts of India (Fig.3d). The �gure (3e, f) depicts
the MSLP anomalies for the WRF and ERA5. The strong positive pressure tendency is observed over
North-India, Northeast India and weak positive pressure tendency is observed over Tamil Nadu in ERA5
analysis whereas in the WRF model the weak positive pressure tendency is observed over South
Peninsular India only. 

4.1.3. Wind �ow at 850 hPa and 200 hPa:  

The wind �ow at 850hPa level (Fig.4 a,b,c) shows similar patterns between CCSM4 and ERA5, while the
WRF model simulated winds show a slightly weaker magnitude winds over the Arabian Sea and higher
over the Bay of Bengal. The monsoon westerlies and the monsoon trough are very well simulated by the
WRF model. The WRF model simulated stronger westerlies over the Bay of Bengal as compared to the
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CCSM4 and ERA5. A stronger cyclonic �ow in the vicinity of the monsoon trough region can be clearly
seen as compared to that in the CCSM4 and ERA5 analysis.  The �gure 4 d and 4e depicts the wind
anomalies for the ERA5 and WRF model. A strong positive tendency of magnitude (0.75 to 1 m/s) is
observed over the Arabian Sea extending up to the Bay of Bengal in WRF model whereas a weak positive
tendency is limited to the southwest part of the Arabian Sea as observed in the ERA5 analysis. A strong
negative tendency is observed over the Northwest (Gujarat and Rajasthan States) and Central India
regions in ERA5 analysis whereas a weak negative tendency is observed in the WRF model with a lesser
magnitude of 0.5 (m/s).The WRF simulated 200hPa winds (not shown) are in good agreement with
CCSM and ERA analysis, while the WRF simulated higher winds around 0 to 50 N. The anti-cyclonic �ow
around 270 N in WRF model is slightly less with a magnitude of 6 m/s when compared to CCSM4 and
ERA5. The easterlies around 100 N are well simulated, in correspondence with CCSM4 and ERA5.

4.1.4. Rainfall: The spatial distribution of rainfall of the CCSM, WRF model and IMD gridded rainfall are
depicted in �gure 5 (a, b, c). The model simulated rainfall over the Northern part of India shows good
correspondence with CCSM and IMD rainfall.   The WRF model is able to capture the spatial patterns of
the precipitation over Central India and Northeast regions with higher magnitudes and West coast region
with lesser magnitudes as compared to the IMD rainfall. The maximum amount of rainfall during the
summer monsoon is due to the convection generated in the region of Monsoon trough and its adjoining
low pressure areas. The deviation of rainfall between IMD and WRF over the west coast region may be
due to the hilly terrain in that region. From the �gure 5d which shows the bias of mean rainfall of the
period 2007-2021 for the monsoon season  that a positive bias (higher rainfall) over the central India and
northeast parts of India and a negative bias (lower rainfall) over the west coast, northwest and northern
parts of India are noted. The �gure 5(e, f) represents the rainfall anomalies of WRF and IMD for the
periods (2007-2021) minus (1976-2005). A positive tendency is observed over the Western Ghats and
central parts of India in the WRF model whereas in the IMD rainfall the positive tendency is observed in
some parts of Western Ghats and in Gujarat. This may be attributed to a changing climate in the global
warming era.

4.1.5. Vertical Integrated Moisture Flux Convergence:  The VIMFC along with its transport is calculated in
Fig.6(a-c) to investigate the transport of moisture towards the Indian landmass region of CCSM4, WRF
and ERA5. The VIMFC is calculated by integrating vertically the horizontal moisture �ux
convergence/divergence between the surface and 300 hPa. The negative values indicate the convergence
and the positive values indicate the divergence. It is evident that there is a moisture convergence along
the coast of Somalia and the northern part of the Arabian Sea and that the moisture is transported from
the Arabian Sea to the Indian landmass region in CCSM4, WRF and ERA5. There is a strong convergence
over the west coast and northeast parts of India as observed in the WRF model compared to the CCSM
and ERA which is in good correspondence to the rainfall over those regions. Also the WRF model had
simulated the cyclonic circulation very well over the Head Bay of Bengal region which is in good
agreement with CCSM4 and ERA5 analysis.

4.2. Rainfall in homogenous regions:
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The evaluation of rainfall in the different homogenous regions has been made from a view point of
statistical metrics (i.e.) Mean, Standard deviation, Root mean square error and correlation coe�cients
(CC). As a part of the evaluation, six homogenous regions (Fig.7) are considered as mentioned earlier
Parthasarathy et al. 1995. Among the 6 homogeneous regions, the various statistical metrics have been
calculated for 5 homogenous regions after excluding the hilly regions and for All India are presented in
Table 2. The CC values are higher in all the homogenous regions 0.8 and above. The CC for All India is
0.6. The correlation is highest in the Central North East region which is the area of convergence of the
Monsoon Trough. The RMSE shows minimum value in the South Peninsular region where there is usually
substantial rainfall especially during the Monsoon onset. The maximum Mean and standard deviation
values are observed over the West-Central region in both the WRF and IMD. The various statistical metrics
show that the model could simulate the characteristics of the monsoon rainfall.

4.3.1 Tropospheric temperature gradient

Fig.8 shows TTG from the WRF model and ERA analysis. The temperature gradient between Southern
and Northern regions averaged over 600-200hPa is de�ned as the TTG. The TTG characterizes the
strength, onset and withdrawal of the Indian Summer Monsoon. For accessing the intensity of the model
simulated land-sea gradient, the temperature difference between South (150S-50 N, 400E-1000E) and
North (50 N-350 N, 400E-1000E) regions of the Indian sub-continent is analysed and presented. The blue
line indicates the ERA analysis and red line indicates the WRF model simulation. The WRF model very
well simulated the structure of the Tropospheric temperature gradient throughout its annual cycle. This
can be attributed to the fact that the southern region contains more ocean than the northern region and
that in the pre-monsoon season the temperature between land and sea would be more which gradually
decreases once the monsoon sets in. The model TTG is in perfect agreement with the ERA5 analysis
which indicates the good simulation of temperature distribution over the Indian sub-continent.

4.3.2. Meridional distribution of temperature:  Fig.9 (a-c) depicts the time-latitude sections of the monthly
mean temperatures at 850 hPa level along 780 E. From the �gures, it is clearly observed that there is a
gradual increase of temperatures from lower latitudes to higher latitudes with a maximum during April-
June. The maximum temperature is observed between 200N to 260 N in CCSM whereas the maximum is
observed between 180N to 300 N in WRF model. The WRF model is slightly overestimated the
temperatures compared to ERA analysis.  

4.3.3.Zonal wind cross-section: Fig.10(a-d) shows the latitude-height cross section of the zonal winds
along 780 E for pre-monsoon and monsoon Season. The WRF model simulated the patterns both for pre-
monsoon and monsoon season well which are in good correspondence with ERA5 analysis. The strong
westerlies in the upper troposphere are observed at 220N to 300 N and slightly strong easterlies are
observed at lower latitudes in WRF model compared to ERA during pre-monsoon season. During the
monsoon season, the strong westerlies are observed in the lower troposphere and stronger easterlies in
upper troposphere at a level of nearly 200hPa during monsoon season which are in good agreement with
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ERA5 but with slight stronger magnitudes. The strong westerlies in the upper troposphere are observed
over middle latitudes in the WRF which are consistent with ERA5. 

4.3.4. Vertical velocity distribution: The latitude-pressure pro�le of vertical velocity (ω) has been analysed
to observe the vertical motion of atmosphere and is presented in Fig.11 (a, b). The vertical motion in the
atmosphere plays a key role in the transfer of mass and energy leading to the formation of clouds which
affects the atmospheric stability. From the �gure, the positive values signify sinking and negative values
signify rising motion. A strong rising motion in the WRF is observed at around 270 N and a weak rising
motion has been seen over 100 N-200 N which is in agreement with ERA. A rising branch indicates an
active convection over that region.

4.4. 1 Sub-divisional evaluation of temperatures for the pre-monsoon

In the pre-monsoon season, weather over the Indian sub-continent largely de�nes the performance of the
ensuing monsoon since monsoon is a magni�cent heat engine that evolves due to the differential
heating between land and sea. An evaluation of temperature simulation is performed in terms of Mean
and Standard deviation for the subdivisions (�g 12) during the pre-monsoon season. The statistical
metrics are shown for 30 sub divisions in table 3. From the results, it can be seen that the WRF model
simulates the better mean values of temperatures over 20 sub divisions whereas standard deviation is
over 22 sub divisions better than CCSM4. The pre-monsoon temperatures are very important since much
of the moisture in�ow will be there from the adjoining ocean to the main land. The gradient between the
land and the ocean facilitates the advection of moisture from the ocean to the land. The pre-monsoon
heating of the land helps the building of vertical velocities and thereby leading to rainfall during the
monsoon season. A good simulation in terms of the statistical metrics implies a better prediction of sub
regional scale temperatures by the model.

4.4.2 Sub-divisional evaluation of surface temperature and rainfall during monsoon season

The evaluation of model simulated surface temperature and rainfall is performed by calculating the
Mean and Standard deviation for the monsoon period in the sub divisions (Fig.12) of Indian sub-
continent with IMD gridded data and CCSM4 data. Tables 4 and 5 represent the statistical metrics for
temperature at 2m and rainfall respectively.

The WRF model had simulated the mean temperatures better than CCSM4 for 22 subdivisions and a
positive bias is observed over Northern and Central parts of India compared to IMD and CCSM4. The WRF
model had shown the higher standard deviation values than CCSM4 in most of the subdivisions. The
magnitudes of standard deviation range from 0.5 to 2.1 for IMD whereas the values range from 0.5 to 3.5
in WRF model.

A good amount of rainfall is observed during the monsoon season with 24 sub divisions yielding rainfall
higher than 5mm/day. The highest amount of rainfall is received over Konkan& Goa (25.7 mm/day) and
Coastal Karnataka (22.9 mm/day) and the lowest rainfall is over West Rajasthan (2.6 mm/day) and
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Tamil Nadu (3.3 mm/day. The model had produced better mean values of rainfall over 20 sub divisions
and better standard deviation values of rainfall over 14 sub divisions compared to the rainfall simulated
by CCSM4.

The above presentation of the results simulated by the WRF model run on a climate mode clearly
demonstrates the advantage of using a WRF model on a �ner resolution to simulate future climate.

5. Summary and Conclusions
Future projections of the Regional Climate data is essential to understand the climate change on regional
scales have been generated using the WRF model at 25 km resolution on a climate mode for the South
Asian CORDEX domain. The WRF model is forced with the CCSM-4 global coupled model for the future
period of 2006 to 2021.Seasonal averages for the monsoon period are evaluated in terms of wind,
pressure, temperature and rainfall in comparison to the ERA global reanalyses and the gridded rainfall
provided by the India Meteorological Department. The RCP 6.0 scenario follows the prescribed values of
CO2 emissions in a projected climate scenario. These levels of greenhouse gases will increase the
temperatures and also gives us an estimated temperature rise.  The WRF having a �ner resolution (25km)
has the capability of predicting higher temperatures on a �ner resolution when compared to CCSM4 with
a coarser resolution (~100km). 

The following are the important results obtained through this study:

The WRF model had simulated the spatial distribution of temperature well which is in good agreement
with observations but with a slight overestimation over northern and central parts of India. The model
simulated pressure shows strong pressure gradients between northern and southern parts of India, which
is in good agreement with higher temperature gradients over the same region. The model had simulated
the low-level westerly wind �ow over the Arabian Sea and Bay of Bengal and is in agreement with
observations but with a weaker magnitude over the Arabian sea and stronger over the Bay of Bengal. The
model had produced the monsoon trough accurately which extends from the northern parts to the head
Bay of Bengal. The monsoon trough plays a crucial role in the summer monsoon precipitation as the
maximum amount of rainfall during this season is obtained due to the convection generated in the trough
region and its adjoining low pressure areas. An anti-cyclonic circulation over sub-tropical ridge at 300 N
and the tropical easterly jet at 150 N are in good agreement with the observations. The WRF had
simulated the spatial distribution patterns of higher rainfall over the Central India, North East India and
patterns of lesser rainfall over the west coast of India which is in agreement with IMD but with higher
magnitudes over the high rainfall region and lower magnitudes over the low rainfall region.

The analysis of the VIMFC shows the moisture convergence over the Somalia coast and the northern part
of Arabian Sea and its transport from ocean to the Indian landmass region. Strong convergence is
observed over the west coast of India that represents the monsoon precipitation over that region. The
model had produced the cyclonic circulation over the Head Bay of Bengal well which is in agreement with
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the ERA5 analysis. The latitude-pressure cross section of vertical velocity (ω) shows that the WRF model
had produced the meridional circulation well. A strong vertical motion over the monsoon trough region
with descent over equatorial regions depicts the reverse Hadley circulation as typical to the Indian
Southwest Monsoon circulation.

The model had reproduced the TTG and the meridional temperature gradient well which is in good
agreement with ERA5 analysis. The simulated meridional Tropospheric wind �ow between pre-monsoon
and monsoon season over the Indian sub-continent depicts all the characteristics of the pre-monsoon
and monsoon seasons. 

The WRF model had simulated the sub regional scale temperature and rainfall better than CCSM4 model.
Our results suggests that the WRF model had reproduced most of the characteristics of Monsoon such as
low-level cross equatorial �ow over Somalia coast, westerlies over Arabian Sea, Monsoon trough, heat
low over northwest, sub-tropical ridge, tropical easterly jet at upper levels and the monsoonal
precipitation. All these features accentuate the model performance over the regional scale.

The results of differences in temperatures between the periods of 2007-2021 and 1976-2005 indicate a
possible warming of ~0.25 K in 15 years, which is in good agreement with ERA and IMD analyses.   This
inference implies that the chosen greenhouse emissions generate the observed warming over India as a
part of the current global warming trends since 1980s. However, it is not to be understood that RCP6.0
mimics the present warming trend as all the scenarios are expected to produce similar warming the �rst
few decades before the greenhouse emission trends modulate the temperatures.  The present evaluation
supports the global model pattern future projections and the application of limited area such as WRF to
infer regional scale features associated with the warming scenario.

The WRF model had produced the essential differences in the anomalies of 2m air temperature, MSLP,
wind regimes and rainfall with the spatial distribution features agreeing with ERA5. These results make it
favourable to infer that the RCP6.0 scenario leads to satisfactory evaluation of feature climate
projections during the �rst 15 years. This inference is to be taken with a caution that a continuation of the
tendencies has produced by the model may or may not correspond with the real evolution has the model
future climate projections are strictly controlled by the forcing of the RCP6.0 global warming scenario.

The study would be continued by generating future climate data for the near future period up to 2050 and
for the far future period 2051-2100.
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Dynamics Details

Model Version WRF-ARW V3.9

Type Non-hydrostatic

Domain 15.50 E - 116.50 E;  -16.50 S- 47.50 N

Resolution 25 km Horizontal resolution (389x274 grid points along  E-W x N-S) and 40
Vertical levels

Input data for forcing CMIP5-CCSM4 RCP6.0

Microphysics WRF Single-Moment 6-class (WSM-6) (Hong and Lim,2006)

Planetary Boundary
layer

Yonsei University Scheme (YSU)  (Hong et al. 2006)

Cumulus Physics Betts–Miller–Janjic (BMJ) (Betts and Miller 1986),(Janjic 2000)

Long wave Radiation Rapid Radiative Transfer Model for GCMs (RRTMG) (lacono et al.2008)

Short wave
Radiation

Rapid Radiative Transfer Model for GCMs (RRTMG)

 

Table.2. Statistical metrics of regional-scale evaluation of rainfall (mm) of the monsoon season; Mean,
Standard deviation, (Root-Mean-Square Error (RMSE) and Correlation Coe�cient (CC) are between WRF
and IMD rainfall)

Regions Mean Standard Deviation RMSE Correlation

  IMD WRF IMD WRF    

South Peninsular 28.50 29.90 6.80 5.14 1.403 0.922

West Central 70.83 73.54 21.38 20.69 2.714 0.910

North West 24.49 15.57 9.68 5.92 8.920 0.904

Central North East 37.32 35.73 9.93 10.52 1.593 0.965

North East 31.13 30.92 5.27 7.40 0.210 0.819

All India 217.67 214.39 59.89 58.26 3.284 0.637

 

 Table 3: Statistical metrics of seasonal temperatures of sub-divisions for Pre-monsoon Season
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S.No. Name of the subdivision Mean (0C) Standard Deviation (0C)

IMD WRF CCSM4 IMD WRF CCSM4

1. Assam&Meghalaya 24.22 26.93 22.36 1.65 3.1 2.54

2. NMMT 24.32 23.67 24.76 1.58 2.72 2.12

3. Sikkim&West Bengal 25.59 21.94 18.51 1.93 3.55 3.1

4. Gangetic West Bengal 29.37 30.67 29.53 1.98 2.65 2.77

5. Odisha 30.14 30.71 30.72 2.05 2.43 2.29

6. Jharkhand 29.09 30.49 29.44 2.64 3.47 3.39

7. Bihar 28.08 30.86 28.61 2.75 4.18 3.49

8. East UttarPradesh 28.75 31.0 29.37 3.5 4.77 3.99

9. West UttarPradesh 28.01 30.1 29.11 3.89 5.09 4.25

10. Haryana & CHD &Delhi 27.24 28.96 27.8 4.22 5.61 4.4

11. Punjab 25.45 28.02 25.77 4.39 5.9 4.5

12. West Rajasthan 29.6 29.83 31.22 3.73 4.51 4.02

13. East Rajasthan 29.68 29.93 30.47 3.76 4.36 3.75

14. West Madhya Pradesh 30.16 30.89 31.16 3.47 3.68 3.44

15. East Madhya Pradesh 29.8 30.84 30.62 3.58 3.86 3.73

16. Gujarat 30.37 30.77 31.08 2.48 2.7 2.62

17. Saurashtra&Kachh 29.73 29.87 30.43 2.15 2.33 2.34

18. Konkan&Goa 29.03 28.34 28.54 1.5 1.07 1.18

19. MadhyaMaharashtra 29.75 29.4 30.18 1.81 1.84 1.77

20. Marathwada 31.13 31.28 31.36 2.32 2.4 2.27

21. Vidarbha 31.51 32.61 32.21 2.86 2.94 2.87

22. Chhattisgarh 30.18 30.88 31.22 2.83 3.12 2.92

23. Coastal Andhra Pradesh 30.93 30.31 30.33 1.79 2.17 1.75

24. Telangana 31.65 32.02 32.22 2.12 2.39 2.11

25. Rayalaseema 30.74 30.74 31.06 1.48 1.84 1.76

26. TamilNadu&Puducherry 29.69 29.15 29.55 1.15 1.58 1.26

27. Coastal Karnataka 27.67 27.25 28.13 0.76 0.75 0.7
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28. North Interior Karnataka 30.25 30.26 31.22 1.39 1.53 1.55

29. South Interior Karnataka 27.6 27.16 29.38 0.91 1.07 1.24

30. Kerala 27.44 26.89 28.55 0.75 0.67 0.73

 

Table 4: Statistical metrics of seasonal temperatures of sub-divisions for Monsoon Season
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S.No Name of the sub division Mean(0C) Standard Deviation (0C)

IMD WRF CCSM4 IMD WRF CCSM4

1. Assam & Meghalaya 28.57 28.59 25.43 0.6 1.02 0.6

2. NMMT 27.63 24.93 26.6 0.48 0.87 0.53

3. Sikkim & West Bengal 28.03 24.78 21.8 0.53 1.33 0.86

4. Gangetic West Bengal 29.63 30.1 28.952 0.8 1.92 1.11

5. Odisha 28.53 28.91 28.01 1.21 2.38 1.53

6. Jharkhand 28.98 30 28.27 1.23 2.81 1.74

7. Bihar 29.69 32.22 28.5 0.99 2.7 1.83

8. East Uttar Pradesh 30.08 33.47 29.33 1.54 3.45 2.33

9. West Uttar Pradesh 29.84 33.87 29.67 1.7 3.37 2.36

10. Haryana & CHD & Delhi 30.42 34.94 30.23 1.56 3.01 2.1

11. Punjab 29.74 35.53 29.6 1.44 2.94 2.01

12. West Rajasthan 30.83 34.07 32.27 1.82 1.63 2.13

13. East Rajasthan 29.92 31.99 29.77 2.04 2.57 2.38

14. West Madhya Pradesh 28.49 29.97 28.37 2.12 2.76 2.25

15. East Madhya Pradesh 28.67 30.11 28.26 2.06 3.36 2.43

16. Gujarat 28.93 30.16 28.99 1.64 1.56 1.7

17. Saurashtra&Kachh 29.52 29.92 29.76 1.4 1.2 1.38

18. Konkan& Goa 26.78 26.57 26.16 0.97 0.95 0.88

19. MadhyaMaharashtra 26.61 26.07 26.14 1.23 1.29 1.14

20. Marathwada 27.38 27.33 26.92 1.57 1.96 1.32

21. Vidarbha 27.97 29.14 27.78 1.9 2.85 2

22. Chhattisgarh 28.24 29.02 27.72 1.68 3 2

23. Coastal Andhra Pradesh 29.33 29.32 29.09 1.19 1.87 1.16

24. Telangana 28.26 28.58 28.3 1.5 2.37 1.41

25. Rayalaseema 28.21 27.81 28.11 0.98 1.23 0.77

26. TamilNadu&Puducherry 28.57 27.45 28.31 0.67 0.91 0.53

27. Coastal Karnataka 24.6 24.78 24.95 0.57 0.66 0.62
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28. North Interior Karnataka 26.55 26.14 26.2 0.98 1.24 0.88

29. South Interior Karnataka 24.64 23.73 25.42 0.62 0.76 0.63

30. Kerala 25.42 24.46 26.04 0.5 0.52 0.44

 

 Table 5: Statistical metrics of rainfall of sub-divisions for Monsoon Season
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S.No. Name of the subdivision Mean (mm/day) Standard Deviation (mm/day)

IMD WRF CCSM4 IMD WRF CCSM4

1. Assam&Meghalaya 13.48 12.46 11.05 1.55 1.63 1.64

2. NMMT 10.22 17.21 6.99 1.08 1.65 0.7

3. Sikkim&West Bengal 17.51 11.05 16.87 1.77 1.41 2.36

4. Gangetic West Bengal 8.9 7.68 8.15 1.07 0.99 0.69

5. Odisha 9.62 9.65 9.63 1.15 1.28 0.9

6. Jharkhand 8.14 9.16 7.45 1.01 1.27 0.72

7. Bihar 8.04 7.14 7.06 1.15 1.08 0.78

8. East UttarPradesh 6.49 6.33 6.1 1.04 1.13 0.75

9. West UttarPradesh 5.37 5.15 6.07 0.96 1.02 0.73

10. Haryana & CHD &Delhi 3.71 3.12 5.12 0.67 0.81 0.64

11. Punjab 4.25 2.12 5.47 0.77 0.49 0.71

12. West Rajasthan 2.61 1.64 3.84 0.56 0.55 0.68

13. East Rajasthan 5.61 5.16 5.68 1.04 1.3 0.86

14. West Madhya Pradesh 7.72 7.69 7.93 1.24 1.66 1.16

15. East Madhya Pradesh 8 9.58 8.22 1.21 1.67 1.16

16. Gujarat 7.6 4.72 8.04 1.48 1.41 1.31

17. Saurashtra&Kachh 5.8 2.1 5.93 1.41 0.73 1.04

18. Konkan&Goa 25.78 12.84 14.82 3.56 2.41 1.96

19. MadhyaMaharashtra 5.84 5.92 11.33 0.94 1.38 1.52

20. Marathwada 5.53 7.43 8.83 0.75 1.57 1.06

21. Vidarbha 8.2 9.19 9.82 1.06 1.7 1.23

22. Chhattisgarh 9.36 11.14 9.86 1.08 1.67 1.19

23. Coastal Andhra Pradesh 5.47 7.56 8.63 0.66 1.14 0.75

24. Telangana 6.88 8.33 8.81 0.92 1.41 0.87

25. Rayalaseema 3.74 4.25 6.25 0.6 0.66 0.51

26. TamilNadu&Puducherry 3.33 3.9 7.07 0.65 0.47 0.56

27. Coastal Karnataka 22.98 15.27 15.08 2.93 1.93 1.59
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28. North Interior Karnataka 4.29 5.5 9.2 0.64 0.97 0.88

29. South Interior Karnataka 5.64 6.66 9.72 0.92 0.8 0.87

30. Kerala 14.79 13.54 11.82 1.9 1.46 1.04

Figures

Figure 1

Domain for the study area (South Asia-CORDEX)
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Figure 2

Spatial distribution of the mean near surface air temperature-2m (K) for summer monsoon season for the
period 2007-2021 (a-c), (a) CCSM, (b) WRF, (c) ERA5; (d)Bias(WRF-ERA5), Difference of the mean surface
temperature for the periods ((2007-2021) minus (1976-2005)) (e)
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Figure 3

Same as �g.2 but for Mean Sea Level Pressure (MSLP)
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Figure 4

Spatial distribution of mean values of winds at 850 hPa with streamlines and magnitude (shaded) (m/s)
for summer monsoon season for the period 2007-2021 (a-c), (a) CCSM, (b) WRF, (c) ERA5; Difference of
the winds for the periods ((2007-2021) minus (1976-2005)) (d) WRF (e) ERA5.
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Figure 5

Spatial distribution of mean values of Accumulated rainfall (mm/day) for summer monsoon season for
the period 2007-2021 (a-c), (a) CCSM, (b) WRF, (c) IMD; (d) Bias(WRF-IMD), Difference of the mean
rainfall for the periods ((2007-2021) minus (1976-2005)) (e) WRF (f) IMD.
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Figure 6

Vertically Integrated Moisture Flux Convergence (VIMFC) for summer monsoon season for the period
2007-2021 (a-c). (a) CCSM, (b) WRF, (c) ERA.

Figure 7

Rainfall Homogenous regions of India
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Figure 8

Tropospheric temperature (600–200 hPa) gradient between the southern (15° S–5° N, 40°–100° E) and
northern (5°–35° N, 40°–100° E) region from ERA5 reanalysis (Blue) and WRF model (Red) for the period
2007-2021.

Figure 9

Latitude-time cross section of temperatures (K) at 850 hPa along 780E longitude for the summer
monsoon season for the period 2007-2021(a) CCSM, (b) WRF, (c) ERA.
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Figure 10

Latitude-height section of zonal winds along 780 E longitude corresponding to Pre-Monsoon (a) WRF, (b)
ERA and summer monsoon (c) WRF, (d) ERA
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Figure 11

Latitude-pressure pro�le of ω (Pa/s) averaged over 650–950 E longitudes for the monsoon season for the
period 2007-2021. (a) WRF, (b) ERA. By convention, the negative (positive) values represent rising
(sinking) motion.
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Figure 12

The 36 Meteorological subdivisions of India.
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