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Abstract
High-resolution regional climate model (RCM) simulations are found to be very useful in deriving realistic
climate change projection information. This study uses high-resolution dynamical downscaling
framework (CCSM4-WRF) for India. To delineate the advantage of high resolution, we compared the
results of 9-km resolution CCSM4-WRF simulations against the 50-km resolution RCM simulations under
Coordinated Regional Climate Downscaling Experiment-South Asia (CORDEX-SA) programme.
Quantitative estimations show that majority of CORDEX-SA models exhibit large dry bias (<-4mm/day)
and low pattern correlation coe�cient (PCC) over the Western Ghats (WG). Mean climatology of Indian
summer monsoon (ISM) rainfall simulated by high-resolution CCSM4-WRF outperforms the CORDEX-SA
RCMs with low negative biases (~ 1mm/day) and high PCC (≥ 0.755). This skill of CCSM4-WRF provides
better con�dence in its future projection at local scale. CCSM4-WRF projects future intensi�cation of
monsoon rainfall over most parts of India and reduction over southern WG, which is consistent with
recent observed trends, but none of the CORDEX-SA RCMs could simulate this rainfall reduction. For all-
India rainfall, ensemble mean of CORDEX-SA models projects an increase by 1.3 ± 0.9mm/day and
CCSM4-WRF projects 0.67mm/day. Projected changes in socioeconomic variables such as population
and gross domestic product (GDP) exhibit future enhancement over most parts of India but with spatial
heterogeneity. Shared Socioeconomic Pathways scenarios show pronounced future population growth
over Indian coastal areas, and large enhancement in productivity over urban areas. Therefore, climate
change projection information of ISM rainfall, together with enhanced future population and GDP, is
useful for taking necessary steps for adaptation and mitigation in a sustainable manner.

1 Introduction
India is among the monsoon-dominant tropical countries, with majority of the rural population still
dependent on agriculture. During the monsoon, rainfall received over the country has greater
socioeconomic importance than other meteorological variables. The agricultural production and the
country’s economy, through gross domestic product (GDP), are intertwined on the stability of monsoon
rainfall (Krishna Kumar et al. 2004; Gadgil and Gadgil 2006). The summer monsoon season (June to
September) is the major rainy season in India, during which the region receives a mean rainfall of 852
mm (80% of annual rainfall, Parthasarathy et al. 1994) with 10% coe�cient of variation (i.e. standard
deviation divided by mean). During the summer monsoon, orographic in�uence is prominent in the
distribution of rainfall over India, especially the west coast and northeast India. This is because the
prevailing moisture-laden south-west monsoon winds blow almost at right angle to the Western Ghats
(WG) and the Khasi-Jaintia hills (Rao 1976). Global warming plays a decisive role in the strength and
variability of the future Indian summer monsoon (ISM) rainfall. Hence, even minor changes in the
country’s rainfall variability (in spatial or temporal scale) due to global warming can have an immense
impact on water resources and agricultural production (Gadgil 1995; Webster et al. 1998). This, in turn,
affects food security, livelihood of farmers, and economy of the country.
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We know that the most important feature of ISM for livelihoods is rainfall occurring during the season.
Most of the state-of-the-art Coupled General Circulation Models (CGCMs) face challenges in simulating
ISM rainfall (Gadgil and Sajani 1998). After identifying the physically consistent groups of Coupled
Model Intercomparison Project Phase 5 (CMIP5) models with the highest reliability, Jayasankar et al.
(2015) derived the future projections of Indian summer monsoon rainfall and variability. Recently, the
state-of-the-art Coupled Model Intercomparison Project Phase 6 (CMIP6) models are being used to derive
the future projections summer monsoon rainfall over India (Moon and Ha 2020; Almazroui et al. 2020).
The global monsoon strength and precipitation are better simulated by CMIP6 models than by CMIP5
(Wang et al. 2020). In a study, Rajendran et al. (2021) found that the multimodel ensemble mean (MME)
of 61 CMIP6 models is better than that of CMIP5 models in simulating mean and variability of Indian
summer monsoon rainfall over India. The present-day simulations of several CMIP6 models capture the
spatio-temporal patterns of the summer monsoon rainfall over India, especially over the Western Ghats
and northeast foothills of Himalayas (Gusain et al. 2019, Rajendran et al. 2021). However, many of them
are having horizontal resolution of about 100 kilometers or more. Due to which they face di�culties in
resolving the sharp variation of WG orography of the west coast region and fail to capture observed
regional characteristics (Mishra et al. 2018). It is to be noted that CMIP5/CMIP6 models still project
uniform increase in ISMR over India (Jayasankar et al. 2015; Moon and Ha 2020; Almazroui et al. 2020).
Giorgi and Marinucci (1996) found that precipitation amounts are highly sensitive to the resolution of the
climate model. Also, increase in resolution results in improvement in the representation of the orography
and associated precipitation, especially over the WG region (Rajendran et al. 2012). High-resolution
simulations are found to be very useful to derive realistic climate change information at regional scale,
which is crucial for climate change impact assessments.

The high-resolution was crucial not only for realistic simulation of spatial heterogeneity of mean summer
monsoon, but also for attaining useful climate change projections of its mean and extremes (Rajendran
et al. 2013). Under the future warming scenario, the high-resolution (20-km) model projects an increase in
rainfall over interior India, but projects signi�cant orographic rainfall reduction over the west coast of
India at the end of the 21st century (Rajendran et al. 2012, 2013). The coarse resolution CMIP5 model
could not simulate the observed decreasing trend in present-day monsoon rainfall over the WG region, but
this trend is well simulated in high-resolution GCMs (Rajendran et al. 2012). Hence, to study the regional
scale characteristics, it is essential to use a su�ciently high-resolution model. To overcome the
di�culties caused by inadequate horizontal resolution and to study the �ner-scale climate features, an
alternative way is to downscale those GCMs by using a high-resolution regional climate model (RCM,
Wang et al. 2004; IPCC 2013). This requires a high-resolution RCM driven by the initial and lateral
boundary conditions from the global GCM (Dickinson et al. 1989; Giorgi et al. 1990; Jayasankar et al.
2018; Jayasankar 2019). There are several studies, which attempted to simulate the Indian summer
monsoon and its seasonal variability using RCMs through dynamical downscaling technique (Bhaskaran
et al. 1996; Dash et al. 2006; Ratnam et al. 2009). RCMs were also utilized as an useful tool to study the
high-resolution climate change projections over India (Kumar et al. 2006; Mishra et al. 2014; Dash et al.
2015).
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To evaluate the performance of various RCMs for regional climate projections at high-resolution, World
Climate Research Programme (WCRP) initiated the Coordinated Regional Climate Downscaling
Experiments (CORDEX) programme (Giorgi et al. 2009). This is a framework for downscaled climate
change projections from the CMIP5 GCMs. CORDEX - South Asia (SA) domain covers the Indian region
with RCMs are having a spatial resolution of 0.44° (~ 50-km). The inability to represent realistic spatial
distribution of the summer monsoon rainfall at regional scale by the coarse resolution CMIP5 models is
considerably recti�ed through the dynamical downscaling with most suitable physics schemes and
domain set up (Jayasankar et al. 2018). These high-resolution downscaled simulations can be effectively
used to understand the climate change projection at regional scale. However, studies using CORDEX-SA
models show that many models exhibit lower skill in simulating the mean, variability and extremes of
ISM (Singh et al. 2017). Mishra et al. (2014) analyzed these models in the context of precipitation
extremes and found that few models showed improvement in simulating the rainfall extremes over India
than its parent GCM. Few studies shows that the CORDEX-SA models highly overestimate the mean
precipitation over the high altitude (e.g. Himalayas) regions (Sanjay et al. 2017a; Ghimire et al. 2018).
Choudhary et al. (2018) found a notable dry rainfall bias over most of India, especially over central India,
from the thorough evaluation of present-day summer monsoon simulations using 11 CORDEX-SA
models. However, when comparing the RCM to its parent GCM, few other studies found an improvement
in the mean climate and extreme events over South Asia (Gu et al. 2012; Hassan et al. 2015). A detailed
analysis of the mean summer monsoon climatology over India revealed that downscaling may not
always improve the seasonal averages, and it strongly depends on the choice of the RCM and the driving
GCM (Sanjay et al. 2017b). However, in a study, Jayasankar et al. (2018) showed that employing
su�ciently high-resolution RCM driven by bias-corrected boundary datasets with a suitable con�guration
results in realistic present-day ISM simulation as well as useful regional climate change projection.

The Weather Research and Forecasting (WRF) – Advanced Research WRF (WRF-ARW) model is
considered as the next generation RCM, which is the most suitable and potentially useful tool for high-
resolution regional climate modelling (e.g., Paul et al. 2018) as well as dynamical downscaling (e.g., Lo et
al. 2008; Jayasankar et al. 2018). Hence, a high-resolution dynamical downscaling framework for the
Indian region is implemented by Jayasankar et al. (2018), in which a high-resolution RCM (i.e., WRF-ARW)
is one-way nested into bias-corrected NCAR-CCSM4–one of the CMIP5 GCMs (hereafter referred to as
CCSM4-WRF). This CCSM4-WRF shows high �delity in capturing important physical and dynamical
characteristics of present-day ISM and extreme rainfall events, particularly recent trends in ISM rainfall
over southern WG as observed (e.g., Rajendran et al. 2012). Its skill in simulating the present-day ISM
provides better con�dence in its future projection at the regional scale. Using this, climate change
projections of ISM under the IPCC Representative Concentration Pathways 8.5 (RCP8.5) scenario (which
is a worst-case scenario) was obtained by Jayasankar et al. (2018). Though the WRF-ARW has been
included as one of the RCMs in the CORDEX-SA programme, but dynamical downscaled simulations
using WRF-ARW are not available yet for the CORDEX-SA domain. Therefore, it is important to assess the
performance of WRF-ARW as high-resolution RCM over the SA domain. In this study, after validating the
CCSM4-WRF with observational datasets, we compared the results of our 9-km CCSM4-WRF simulations
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over Indian region with the 50-km resolution dynamically downscaled simulations under the CORDEX-SA
programme.

The scenarios are found to be the integral part of the climate change research. Similar to RCP forcing
scenarios, a set of socioeconomic scenarios called Shared Socioeconomic Pathways (SSPs) was
implemented (Kriegler et al. 2012; O’Neill et al. 2014; O’Neill et al. 2017); this is considered as a reference
scenario for impact assessments, adaptation and mitigation. The RCP scenarios are described based on
the overall warming that may occur by the end of the century as a result of GHG emissions, while SSPs
look at the likelihood of potential emissions reductions. There are �ve SSP scenarios (SSP 1 to 5)
classi�ed in terms of socioeconomic challenges to adaptation (abscissa) and mitigation (ordinate).
These �ve SSPs scenarios provide insights into how various rates of climate change mitigation could be
accomplished by integrating RCP mitigation goals with SSPs. In these scenarios, SSP1 (good
sustainability) stands for low mitigation and adaptation, SSP2 (middle of the road) stands for moderate,
SSP3 (regional rivalry, unsustainable) for high mitigation and adaptation, SSP4 (increasing inequality) is
dominant in adaptation challenges, and SSP5 (fossil-fueled development) is dominant in mitigation
challenges (Fig. 1 of O’Neill et al. 2014). Such scenarios are used to describe how the choices of society
can impact future GHG emissions. These set of SSPs can also be used to quantitatively estimate the
projected changes of population, economic growth, and land use. Different studies use these scenarios
for various purposes; for instance, Wiebe et al. (2015) used SSPs to analyze the effect of climate change
on agricultural development and markets. In this paper, we tried to relate the projected changes in ISM
rainfall and the future changes in the population and GDP under three socioeconomic pathways (SSP1,
SSP2, and SSP3).

The major objective of this study is to (a) delineate the advantage of high resolution to study the regional
scale climate change projection of ISM rainfall by comparing the high-resolution (9-km) dynamically
downscaled CCM4-WRF simulation with 50-km resolution CORDEX-SA model simulations, (b) quantify
the projected ISM rainfall changes over different homogeneous zones of India, with possible uncertainty;
and c) discuss application utility of the future changes in ISM rainfall along with the projected changes
of socioeconomic variable such as population and GDP over India, derived from SSP scenarios.

2 Models, Simulations And Data

2.1 CORDEX-SA models
The dynamically downscaled climate simulations of the CORDEX framework for the SA region at ~ 50-km
resolution are available for the scienti�c research community. These simulations have been derived from
the state-of-the-art coupled GCMs participated in Coupled Model Intercomparison Project Phase 5
(CMIP5). Two RCMs–the Regional Climate Model system version 4 (RegCM4) and Rossby Centre
regional Atmospheric model (RCA4)–simulations from the CORDEX-SA experiments are utilized in this
study. Each model uses different physics, dynamics, and grid structure but with a common horizontal
resolution of 50-km, which cover entire SA region. The historical runs of 14 CORDEX-SA models for a 10-
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year period from 1981 to 1990 (present-day) and their RCP8.5 runs for projections (2090–2099) are
obtained for the present study. These datasets were acquired from the ESGF data portal (https://esgf-
data.dkrz.de/search/cordex-dkrz/). The future projections’ datasets used are the simulations forced with
high greenhouse gas (GHG) emission of IPCC RCP8.5 scenario. The prescribed yearly changing GHG
concentrations (observed values in the historical period and RCP8.5 scenario in the future) are same for
both the RCMs and the CMIP5 CGCMs. The basic details of the CORDEX-SA experiments (RCMs and their
driving CGCMs) are provided in Table 1. We used monthly model outputs for the present analysis.

2.2 CCSM4-WRF model
The high-resolution dynamically downscaled simulations are obtained using non-hydrostatic WRF-ARW.
The present study has been carried out using same con�guration of WRF-ARW as described in
Jayasankar et al. (2018). In this con�guration, the physics schemes included the Community
Atmospheric Model (CAM) for atmospheric longwave and shortwave radiation, WRF Single-Moment 6-
Class Microphysics Scheme (WSM6), the Yonsei University (YSU) scheme for the planetary boundary
layer turbulence, and the uni�ed Noah land surface scheme. For realistic representation of ISM rainfall,
we chose Kain-Fritsch (KF) scheme (e.g., Jayasankar et al. 2018, Jayasankar 2019) for deep convection.
To eliminate the spurious in�uence of boundaries on large-scale circulation, we applied spectral nudging
(Miguez-Macho et al. 2004) of the long waves longer than 1,100 km to the zonal and meridional winds,
potential temperature, and geopotential, at all levels above the boundary layer. This high-resolution RCM
was con�gured with one-way nesting setup with three domains, the horizontal resolutions of which
increase inwards, viz., 27-km, 9-km and 3-km and have 29 vertical levels. The innermost domain, with 3-
km resolution, zoomed over southern west coast of India. This study uses the 9-km resolution (i.e., 2nd
domain) RCM simulation which cover the entire Indian landmass. The simulations were carried out for a
full year, from 1 January of a year to 1 January of the next year, for a 10-year period from 1981 to 1990
(present-day) as well as in the future (2090–2099). High-resolution (27-km, 9-km and 3-km) RCM
simulations are found to computationally expensive therefore we could only use a single RCM/GCM
combination and stick to the 10-year simulation in the present-day period and future. RCM is forced with
0.9375° × 1.25° resolution �elds from NCAR-CCSM4 (i.e., CCSM4-WRF), which is one among the most
reliable group of IPCC AR5 models, as identi�ed by Jayasankar et al. (2015). It was found that correcting
the mean bias of the parent GCM can help improve the downscaled simulations (Xu and Yang 2012;
Bruy'ere et al. 2014). Therefore, the mean bias of the 6-hourly boundary datasets were corrected using
ERA-Interim reanalysis. More details on the model, domains, simulations, and the methodology of bias-
correcting the NCAR-CCSM4 are given in Jayasankar et al. (2018).

2.3 Validation Datasets
To validate simulated present-day summer monsoon rainfall over India by the regional models, we used
the India Meteorological Department (IMD) gridded daily rainfall data based on 1,803 stations (Rajeevan
et al. 2006) for the period 1981–1990 at 0.5° × 0.5° resolution. For the validation of present-day
simulations and comparison of the results, all the model simulation datasets were re-gridded to the IMD
observation resolution.
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3 Results And Discussions

3.1 Present-day Simulations
The climatological mean summer monsoon rainfall over India from the IMD observation is shown in
Fig. 1. The �gure also shows the spatial heterogeneity of the summer monsoon rainfall over India. The
major rainfall receiving areas are positioned over (i) the core monsoon zone (CMZ, broad region
extending to northwest from the head of the Bay of Bengal around 20°N), (ii) the west coast of Peninsular
India and (iii) the northeastern regions (Gadgil and Sajani 1998; Gadgil 2003). The CMZ and WG regions
are marked in Fig. 1, and these regions are used to estimate the mean bias and pattern correlation
coe�cient (PCC), along with all India (AI).

The 20th century simulations of the 14 CORDEX-SA models and their multi-model ensemble mean (MME)
are analysed to assess their performance in simulating the present-day mean summer monsoon (June to
September, JJAS) rainfall over Indian region. Figure 2 shows the JJAS climatological mean rainfall bias
of forcing GCM (i.e., NCAR-CCSM4), high-resolution RCM (i.e., CCSM4-WRF) and the MME of the CORDEX-
SA models with respect to IMD observation. The bias were estimated using 10-year (1981–1990)
climatology for both model and observation. From the pattern correlation coe�cient (PCC) of the all-India
summer monsoon rainfall, it can be seen that CCMS4-WRF (0.78) outperforms the other two models and
is much improved than its parent model (0.63). The PCC is 0.71 for the MME of 14 CORDEX-SA RCMs.
From the spatial distribution of mean bias of 14 CORDEX RCMs (shown in Fig. S1), we found that only a
few models simulate the spatial heterogeneity of the summer monsoon rainfall over India, with the least
bias of 1–2 mm/day. Though some simulations are improved from its parent GCM, many simulations
still suffer from large bias (> 2mm/day). Certain models such as the IPSL-RCA4, CSIRO-RegCM4, CSIRO-
RCA4 and CanESM2-RCA4 show large dry bias (<-2mm/day), which is also found in their parent GCMs
(IPSL-CM5A-MR, CSIR-MK3.6 and CanESM2). These RCMs could not simulate the location and intensity
of major rainfall-receiving areas such as the orographic rain-belt over the WG and CMZ. In comparison,
the mean JJAS rainfall simulated by CCSM4-WRF has less bias and is comparable with the observation.

Further, in Table 2, we quanti�ed the climatological mean summer monsoon rainfall bias and PCC
against the IMD observation of WRF-CCSM4, 14 CORDEX-SA models, and its multi-model ensemble mean
(MME) over AI, CMZ and WG regions. It clearly shows that though the mean bias over AI or CMZ is low for
many models, a majority of the CORDEX-SA models exhibit large dry bias (< -4 mm/day) over the WG
region. Many models are unable to capture the north-south oriented WG rainfall maxima, which is clearly
re�ected in its PCC (< 0.5). In comparison, models such as CanESM-RegCM4 and CNRM-RCA4 exhibit
lower bias over the WG than other CORDEX-SA models. Their bias and PCC over AI and CMZ region
demonstrate their superior skill in simulating the Indian summer monsoon rainfall. This disparity among
the precipitation simulated by the RCMs could be associated with their convective parametrization or the
bias present in the parent GCMs’ large-scale forcing (Choudhary et al. 2018). Further, we estimated the
mean bias and the PCC of the multi-model ensemble mean of 14 CORDEX-SA models. It shows a bias of
-1.3 mm/day and the PCC of 0.72 over AI. However, by considering the simulated rainfall, the
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performance of high-resolution CCSM4-WRF is found to be better than the CORDEX-SA models and its
MME. CCSM4-WRF also shows reduced rainfall bias (~ -1 mm/day) and high PCC (> 0.75) over AI, CMZ
and WG. Also, CCSM4-WRF shows high �delity in capturing important physical and dynamical
characteristics of present-day ISM and a detailed discussion about the model performance is described in
Jayasankar et al. (2018). They showed that the WG rainfall was well resolved by the RCM when its
resolution greater than 27-km. Hence, high horizontal resolution certainly a factor for CCSM4-WRF
model’s better performance. In addition, the �delity of the CORDEX-SA models and CCSM4-WRF, in
simulating mean summer monsoon rainfall over the WG region is assessed based on the Taylor diagram
and is shown in Fig. S2. The PCC between IMD observed and the model simulated rainfall (azimuth
location), the normalized standard deviation (radial distance) and the centered root mean square error
(RMSE) can be obtained from the Taylor diagram. We could see that only very few CORDEX-SA models
were comparable with the observation, but their MME was found to be better. However, the CCSM4-WRF
agrees the best with observation in all the three aspects of the Taylor diagram.

Previous studies found that increasing the model’s horizontal resolution can incorporate more accurate
orography, which results in an improved simulation of orographic rainfall. Even though high resolution is
achieved by dynamical downscaling, the CORDEX-SA models still lack �delity in representing the WG
orographic rainfall. The reason for large rainfall bias over WG region by these high-resolution models is
not so evident. It is well known that the RCM generally provides high-resolution regional aspects
embedded within a coarse resolution parent GCM (Kitoh et al. 2016). Likewise, RCM is highly dependent
on the large-scale features of the parent GCM. The strength of the low-level monsoon �ow into the Indian
region determines the strength of the WG rainfall. In a study, Huang et al. (2019) shows that
approximately 60–80% of CMIP5 models underestimate the strength of low-level monsoon �ow.
Therefore, we investigated the low-level monsoon �ow simulated by the parent GCMs (shown in Fig. S3).
The analysis of the present-day simulation of summer monsoon winds reveals that the strength of the
low-level summer monsoon �ow into the Indian region is either highly underestimated (6 models) or
overestimated (4 models) by the corresponding parent GCMs. The underestimation of low-level monsoon
�ow cause a lack of moisture availability as well as reduced orographic lifting, which in a way contribute
to the large dry precipitation bias over the WG region. Overestimation of low-level winds may cause
cooling of local SST and which may leads to reduced convection, less cloud cover and less precipitation
(Voldoire et al. 2019). Therefore, the low-level monsoon �ow bias exist in the parent model can be carried
forward to the CORDEX-SA RCM simulations, which could be a reason for their summer monsoon rainfall
underestimation.

3.2 Climate Change Projection of Regional Rainfall
Under global warming scenario, several climate models project future intensi�cation of ISMR along with
increase in surface temperature (Sperber et al. 2013; Jayasankar et al. 2015; Moon and Ha 2020;
Almazroui et al. 2020). We analyzed the spatial pattern of the projected changes in mean ISM rainfall by
the CORDEX-SA models and CCSM4-WRF. The projected change in mean JJAS rainfall by NCAR-CCSM4,
CCSM4-WRF and the MME of 14 CORDEX-SA model is shown in Fig. 3. NCAR-CCSM4 projects increase in
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rainfall over majority of the grid-points in India. For the CORDEX-SA models, we estimated the model
agreements in the sign of projected change at each grid point, which is indicated by different symbols. A
majority of CORDEX-SA models show future intensi�cation of rainfall (as can be seen in Fig. S4) and
comparatively high projected change over the southern WG region (14 models agree on this).
Interestingly, a few models show future reduction over majority of the Indian grid points, especially over
the CMZ (e.g. GFDL-RegCM4, MPI-RegCM4 and MPI-RCA4). On the other hand, CCSM4-WRF projects
future intensi�cation of JJAS rainfall over most parts of India and signi�cant future reduction of rainfall
over the southern WG. A strong increase in rainfall is projected over the northern WG region. Moreover, it is
important to note that this future reduction in the summer monsoon rainfall over southern WG region is in
good agreement with recent trends observed over the region (Guhathakurta and Rajeevan 2007;
Rajendran et al. 2012). Even though CORDEX-SA models are at a high resolution, it is still not su�cient to
capture the observed recent rainfall trend over the southern WG region.

We quantitatively measured the projected changes of mean summer monsoon rainfall at the end of the
21st century over homogeneous regions of India, based on the MME of 14 CORDEX-SA models, along
with intermodal spread as well as CCSM4-WRF, which are shown in Fig. 4. The projected changes by
comparatively skillful CORDEX-SA models (such as CNRM-RCA4 and CanESM2-RegCM4) are also shown
in Fig. 4. MME projects an overall rainfall enhancement over all the homogeneous regions but exhibit
considerable inter-model spread ( > ± 0.88 mm/day) over most of the regions. The MME of CORDEX-SA
models project an increase in the mean ISM rainfall by 1.3 ± 0.9 mm/day and CCSM4-WRF projects 0.67
mm/day over all India (AI). The CORDEX-SA MME mean rainfall projection shows an increase of 2.31 ± 
1.51 for peninsular India (PI), 0.99 ± 1.08 for west central India (WCI), 0.75 ± 0.88 for northwest India
(NWI), 1.14 ± 1.37 for central northeast India (CNI), 2.11 ± 1.79 for northeast India (NEI) and 1.36 ± 0.94
for hilly regions (HR). Among these regions, the highest (> 1.5 mm/day) inter-model spread is found over
PI and NEI. This large spread over PI is also re�ected from their disparity in the simulated present-day
mean rainfall over WG (i.e., large bias). Better performing CORDEX-SA model CanESM2-RegCM4 projects
inconsistent future increase in monsoon rainfall over southern west peninsular India (Fig. S4). It is
interesting to note that, the mean rainfall change projected by CCSM4-WRF follows the MME of CORDEX-
SA models except over PI. Future rainfall enhancement projected by CCSM4-WRF is slightly lower in
magnitude than the MME and projected changes are 0.43 (PI), 0.52 (WCI), 0.45 (NWI), 0.63 (CNI), 2.26
(NEI) and 1.67 (HR) mm/day respectively. Over PI, the projected mean rainfall is less (0.43 mm/day),
which is due to the southern WG rainfall reduction. In contrast, none of the COREDEX-SA models capture
this WG future reduction in rainfall. All models instead project intensi�cation, which results in projection
of high rainfall enhancement over PI.

3.3 Key Mechanisms
Further we looked into the dominant mechanism for the projected future changed in summer monsoon
rainfall over India. It is known that future warming leads to an enhancement in the atmospheric water
vapour content. Hence, the projected future changes in atmospheric water vapour content was examined
using the CCSM4-WRF simulated precipitable water (Pwat). Figure 5a shows the CCSM4-WRF simulated



Page 10/26

mean summer monsoon precipitable water content (kg/m2) values over Indian grid points against the
corresponding surface air temperature (T2m, °K) for historical and RCP8.5 scenario. The �lled circles
represent the respective averaged values over India. Figure 5a shows clear increase in the future
precipitable water (from 43.84 kg/m2 in present-day to 54.97 kg/m2 in RCP8.5 scenario) along with the
increase in air temperature (from 298.52 °K to 302.03 °K), i.e., an average 3.5 °K increase in T2m leads to
an increase of 11.13 kg/m2 Pwat. However, the necessary variables from CORDEX-SA models were not
available at the time of analysis. Based on one CORDEX-SA model’s (i.e., REMO2009 RCM forced by MPI-
ESM GCM) Pwat, Suman and Maity (2020) found projected future increase in the precipitable water over
India under RCP8.5 scenario. Thus, as shown in Fig. 5, an increasing water vapour content under climate
change scenario is a key mechanism for enhanced monsoon rainfall over India, is consistent with other
studies (e.g., Trenberth et al. 2003).

We have seen that the CCSM4-WRF projects a future reduction in rainfall over southern WG and
enhancement in the northern WG region (Fig. 3a). Few studies indicate that the reduction in WG rainfall is
attributable to the ‘upper-tropospheric warming effect’ over the area and it can be clearly seen from the
high-resolution model projections (Rajendran et al. 2012; Varghese et al. 2020). Jayasankar et al. (2018)
found that this RCM (i.e. CCSM4-WRF) projected signi�cant rainfall reduction (10–20% of mean) over WG
region is due to the ‘upper-tropospheric warming effect’ which stabilizes the atmosphere (i.e., suppression
of rainfall). The projected change (future minus present-day) in large scale monsoon �ow is analyzed
(here we used 27-km resolution) based on the vertically integrated moisture transport, VIMT (integrated
up to 100-hPa) which is shown in Fig. 5b. Future strengthening of westerly moisture transport to central
Indian region from Arabian Sea resulting in enhanced monsoon rainfall over northern WG and central
Indian regions. In comparison, decrease in VIMT with increased northerly/easterly components in
moisture transport along the steep mountains causing reduction in convection or precipitation over
southern WG region. Our analysis rea�rms that the reduced moisture transport to the southern WG region
appears to be the dominant mechanism for future reduction of rainfall and enhanced moisture transport
into the northern WG and central India causes future increase in rainfall over the northern WG region.

3.4 Socioeconomic Projections
Many studies estimated the future mean and extremes of temperature and precipitation over the Indian
region. The projected changes in mean temperature show considerable enhancement over India (~ 4°C,
Jayasankar 2019), with temperature extremes also found to be increasing on par with the mean
temperature. Similarly, we found that CCSM4-WRF projected mean summer monsoon rainfall exhibits an
increase over India, but a reduction over southern WG region. Jayasankar et al. (2018) showed that the
projected spatial changes in extreme rainfall events are similar to the mean changes. While considering
these facts, we explored the projected changes in socioeconomic variables such as population and GDP
over India. It was found that due to global warming, along with changes in meteorological variables, there
were pronounced changes in socioeconomic variables as well. Therefore, it is pertinent to study the
projected changes of socioeconomic variables over the India for taking the necessary steps for
sustainability. A scenario framework–Shared Socioeconomic Pathways, or SSPs–has been recently
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developed with international efforts for de�ning a new set of reference pathways that integrate future
radiative forcing scenarios and associated climate changes (Ebi et al. 2014, O’Neil et al. 2014, 2017).
These SSPs are accommodated in the climate models participating in the upcoming Sixth Assessment
report (AR6) of IPCC. These SSPs can be effectively utilized to �nd the plausible future projection of
socioeconomic variables, which are useful for impact assessment and obtaining adaptation strategies.

The plausible future projection of population and GDP over India is obtained using gridded (0.5° × 0.5°
resolution) population and GDP data of Murakami and Yamagata (2019). These downscaled decadal
datasets are available for three SSPs (SSP1, SSP2, and SSP3) from the period 1980 to 2100. Figure 6
shows the projected change in population and GDP over India by 2100 (with respect to 1990) under three
different SSPs. A majority of the grid points over India in all the three SSPs project an increase in
population. There is a pronounced future population growth over coastal areas, which is consistent
among the SSPs and increases from SSP1 (1–2 million) to SSP3 (> 2 million). Similarly, most major
cities of India are expected to experience enhanced population growth, leading to a high population
density. In SSP1, the sustainability scenario, many grid points over India show future reduction in
population; this reduction changes to enhancement in SSP3. The coastal area population enhancement
in future may lead to an exposure to severe causalities due to extreme rainfall events along with future
sea-level rise. Also, fresh water demand increases over the coastal areas and cities due to the high
population density, leading to increased consumption of ground water.

Over the southern WG, an increase in population coincides with future rainfall reduction, which could lead
to higher water demand. The water levels in wells and reservoirs is likely to decline faster because of less
rainfall. Many households rely on wells for drinking water. Extreme rainfall spells during certain years can
contribute to the seasonal mean (e.g. 2018 Kerala �ood). However, these spells do not enhance the
ground water level because this water will not percolate into the ground. Instead, the water will likely run-
off quickly. Thus, more water scarcity can occur in the future, with a great impact on the communities; we
need to mitigate this by formulating proper solutions. For example, fresh water shortage of Chennai city
(in Tamil Nadu) due to lack of rainfall in 2019 caused severe problems. Many schools were forced to
remain closed; some companies requested their employees to work from home, and in some areas of the
city, private tankers that deliver drinking water to neighborhoods began charging double the regular cost.
To mitigate Chennai’s water woes, the Tamil Nadu government arranged drinking water supply from
Vellore district via train. The government also allocated INR 650 million to supply 10 million liters of
drinking water per day. This initiative has great signi�cance as they help to reduce the risk due to fresh
water shortage. Such potential risk-mitigating measures, including developing and deploying integrated
waterways connecting major rivers across states, need to be planned ahead by the state and central
governments in future.

The projected change in GDP shows a consistent increase over all the grid points over India but with
spatial heterogeneity. Higher productivity is found over urban areas (i.e., from service and industry
sectors) and lower productivity in rural areas. SSP1 and SSP2 show enhanced productivity than SSP3
especially over coastal areas and urban areas. The three contributors to Indian GDP are service sector
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(61.5%, 2016 estimates), industry sector (23%, 2016 estimates) and agriculture and allied sector (15.5%,
2016 estimates); these estimates are obtained from The World Factbook
(https://www.cia.gov/library/publications/resources/the-world-factbook/�elds/214.html). The projected
change in GDP is dependent upon population growth, mainly via. labor force available for production. In
India, the population growth contributes to the enhancement of productivity. Over southern WG region,
water scarcity may affect the productivity of agriculture and allied sectors. However, that loss may be
recti�ed by the enhanced availability of labor and, hence, an increase in productivity.

Further, we quanti�ed the decadal trend of population and GDP over three densely populated Indian cities
such as Mumbai, Delhi and Bengaluru (given in Fig. 6 inset). It can be seen that all the three cities show a
projected increasing trend in population as well as GDP. Among the three, Bengaluru projects the highest
increasing trend in population as well as GDP for all the three SSPs. SSP1 (i.e., scenario of low
challenges to mitigation and adaptation) shows highest population trend in all three cities, compared to
the other two SSPs. This is because, in SSP1 (low challenges) the worlds shift gradually from the
historical patterns to a sustainable conditions. Whereas the SSP2 (medium challenges to adaptation and
mitigation) do not shift markedly from the historical conditions, and SSP3 (high challenges to adaptation
and mitigation) scenario the population growth is slow. This explicitly says that population growth in the
Indian cities may contribute to enhancement in the GDP.

4 Concluding Remarks
This study evaluates the high-resolution climate change projection of ISM rainfall under the RCP8.5
scenario derived from dynamically downscaled CCSM4-WRF projections. The results obtained from 9-km
resolution CCSM4-WRF simulations are compared against 50-km resolution dynamically downscaled
simulations under the CORDEX-SA programme. Before identifying climate change projections, the
simulations of CORDEX-SA models and CCSM4-WRF were validated against observation.

Analysis of present-day simulations of CORDEX-SA models shows that only a few models could simulate
the spatial heterogeneity of summer monsoon rainfall over India, with least bias (1–2 mm/day). A few
simulations are improved upon from its parent general circulation model (GCM), but many simulations
still suffer from a large bias (> 2 mm/day). The models such as IPSL-RCA4, CSIRO-RegCM4, CSIRO-RCA4
and CanESM2-RCA4 show a large dry rainfall bias (< -2 mm/day), which could not simulate the location
and intensity of major rainfall areas, especially the orographic rain belt over the WG region. We
ascertained that one of the reasons for this could be the underestimation of the strength of low-level
summer monsoon �ow into the Indian region, by the corresponding parent GCMs. Also, the 50-km
horizontal resolution might not be adequate to resolve the WG rainfall, which may be another reason.
However, the WG rainfall was well captured by the 9-km resolution CCSM4-WRF model. The mean
summer monsoon rainfall simulated by CCSM4-WRF is closer to the observation over the WG region (with
bias < 1 mm/day) than the other 14 CORDEX-SA models investigated here. The quantitative estimations
shows that a majority of CORDEX-SA models exhibit large dry bias (< -4 mm/day) and low PCC over the
WG region. In comparison, the models such as CanESM-RegCM4 and CNRM-RCA4 exhibit lower bias and
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high PCC over WG than the other CORDEX-SA models. However, by considering the present-day rainfall
simulations, the performance of high-resolution CCSM4-WRF is found to be consistent across the regions
of interest than the CORDEX-SA models and their MME. It shows a reduced rainfall bias (~ -1 mm/day)
and high PCC (≥ 0.755) over AI, CMZ and WG. A majority of the CORDEX-SA models show a future
intensi�cation of rainfall. However, a few models show future reduction over a majority of the Indian grid-
points. Meanwhile, CCSM4-WRF projects future intensi�cation of ISM rainfall over most parts of India
and a signi�cant future reduction over southern WG region. The MME of CORDEX-SA models project an
increase in ISMR by 1.3 ± 0.9 mm/day while CCSM4-WRF projects 0.67 mm/day. The projected change in
rainfall for CCSM4-WRF sits well within the realm of uncertainty across the 14 CORDEX-SA models
analyzed here. An important process which causes the projected changes in monsoon rainfall could be
the enhancement in the atmospheric moisture content. CCSM4-WRF shows an average 3.5°K increase in
T2m which leads to an increase of 11.13 kg/m2 Pwat over India. This study rea�rms that reduced VIMT
over southern WG region appears to be the dominant mechanism for future reduction of WG rainfall and
strong enhancement in VIMT into the northern WG and central India is the contributing factor for future
rainfall enhancement over those regions. The results from this study highlight that a 50-km resolution
may not be su�cient to capture important regional aspects, especially over the WG region. Further
increase in the resolution of CORDEX-SA models may result in a more realistic representation of the WG
orographic rainfall.

It is important to understand the projected changes of the socioeconomic variables, such as population
and GDP, because they are important when conducting impact assessment and devising adaptation
strategies. Using SSP scenarios, we found a pronounced future population growth over India’s coastal
areas. It is consistent among SSPs and increases from SSP1 (1–2 million) to SSP3 (> 2 million). In
addition, the projected change in GDP shows a consistent increase over all the grid-points but with spatial
heterogeneity. We also found that urban areas were likely to experience higher productivity than rural
areas. The climate change projection of socioeconomic variables over India is also important and
requires attention. This needs to be explored further, as it is highly relevant while planning and
implementing the steps needed for sustainability.
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Table 1 Details of 14 CORDEX South Asia regional climate model experiments and their parent model
horizontal resolution (ESGF data portal, https://esgf-data.dkrz.de/search/cordex-dkrz/)

Table 2 The mean climatological JJAS rainfall bias and PCC for all India (AI), Core Monsoon Zone (CMZ)
and Western Ghats (WG) of CCSM4-WRF, 14 CORDEX-SA RCMs and its MME against IMD observation.
Low bias values and high PCCs are highlighted in red

https://esgf-data.dkrz.de/search/cordex-dkrz/
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Figure 1

The 10-year (1981-1990) climatological mean summer monsoon (June to September) rainfall from IMD
observation. The Western Ghats (WG, separated as southern and northern WG regions) and core
monsoon zone (CMZ) are denoted. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square



Page 22/26

concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

The climatological June to September (JJAS) rainfall bias of a) forcing GCM (NCAR-CCSM4), b) high-
resolution RCM (CCSM4-WRF) and c) MME of 14 CORDEX-SA RCMs (CORDEX-MME) with respect to IMD
observation. Pattern correlation coe�cient (PCC) with respect to IMD observation is given in inset. All the
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model simulation datasets were re-gridded to the IMD observation resolution (i.e. 0.5° × 0.5°). Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 3

Projected change in climatological JJAS mean rainfall over India at the end of the 21st century (2090-
2099) from a) NCAR-CCSM4, b) CCSM4-WRF and c) multi-model ensemble (MME) of 14 CORDEX-SA
models under the RCP8.5 scenario. For the MME of 14 CORDEX-SA models, the model agreements in the
sign of projected change at each grid points are shown with different symbols. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 4

The quanti�cation of projected Indian summer monsoon rainfall changes over all-India and at different
homogeneous zones of India. Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 5

a) CCSM4-WRF simulated mean summer monsoon precipitable water (kg/m2) over Indian grid points is
plotted against the corresponding surface air temperature (°K) for historical and RCP8.5 scenarios. The
�lled circles represent the respective averaged values over India. b) Projected future changes in vertically
integrated moisture transport (VIMT, integrated from 1000-hPa to 100-hPa) under RCP8.5 scenario with
respect to the historical simulation. VIMT signi�cant at 95% are stippled and vectors show direction of
VIMT. Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 6

Projected change (2100-1990) in population density (in million) over India for the three SSPs is shown in
the top panels (a-c). The projected change in the gross domestic product (GDP) in purchasing power
parity (PPP), Billion USD in 2005 year rate is in the bottom panels (e-g). The decadal trend of GDP
(million/decade) and population (PPP/decade) over three densely populated Indian cities (Mumbai, Delhi,
and Bengaluru) is given in the inset. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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