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Climate change is expected to impact future renewable 
energy production. Therefore, investors in this sector 
should understand and consider possible changes due 
to climate change. Here, we analyse the future wind 
and solar energy potential over the Indian landmass 
using climate model ensembles. Our analyses reveal 
that, in future, seasonal and annual wind speed is likely 
to decrease over North India and increase along South 
India. On the other hand, solar radiation is estimated 
to decrease (10–15 Wm–2) over the next 50 years dur-
ing all seasons. With the estimated decrease in future 
wind and solar potential, expanded and more efficient 
networks of wind and solar farms are needed to increase 
renewable energy production. 
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THE Assessment Reports 5 and 6 (AR5 and AR6) of the 
Intergovernmental Panel on Climate Change (IPCC) guide 
our knowledge in analysing and moderating the world  
energy requirements from a climate change perspective1. 
According to the latest sixth assessment report (AR6) of 
IPCC, human influence in contributing to the warming of 
the global climate system is unequivocal and it is extre-
mely likely (95%) that human influence is the dominant 
cause for global warming over the recent decades. The 
contributions from other natural causes, which include vol-
canoes, and variation in solar energy are minimal. The 
major human influence in global warming is through 
burning of fossil fuels2, which leads to the release of green-
house gases (GHGs)3,4. As the United Nations tries to 
stabilize GHG concentration in the atmosphere through 
numerous agreements, the shift towards renewable energy 
from fossil fuels is gaining more strength and this is seen 
as the main step towards reducing global warming. In the 
last two decades, renewable energy production has seen 
significant growth worldwide. In 2018 alone, renewable 
energy accounted for more than 25% of the world’s energy 
production, which is expected to reach up to 80% by 2050 
(refs 5, 6). 
 Renewable energy includes hydroelectric power, wind 
energy and solar energy as its major constituents. Geo-

thermal energy and bioenergy also constitute a lesser 
amount of global renewable energy production. In India, 
renewable energy generation supported 23% of energy pro-
duction in 2019. This is expected to increase up to 40% in 
2030 (ref. 7). With proper planning and infrastructure, re-
newable energy can entirely support the growing energy 
demands in the future. Hydroelectric power over the Indi-
an landmass shows a promising future with increased  
potential in climate projections8. The other major compo-
nents of renewable energy, such as wind and solar, are 
sensitive to even small changes in atmospheric conditions 
and therefore, to climate change9,10. Variations of wind 
speed in the order of 1 m/s can change the wind energy 
drastically as power is proportional to the velocity 
cubed11. Any change in wind shear and direction can alter 
energy production significantly in the existing wind 
fields12,13. Climate change can induce interannual varia-
tions that affect wind dependence over existing and future 
energy grids. Climatic influence on the future wind ener-
gy potential was studied globally14, in the European coun-
tries15,16, North America17 and East Asia18,19. India mainly 
receives majority of its wind energy during the southwest 
monsoon and solar energy during the pre-monsoon sea-
son. If the return of investments during other seasons is 
not profitable, the dependence on renewable energy may 
be reduced. Previous climatic analysis has reported that 
the wind potential over India is likely to be affected be-
cause of the Indian Ocean warming20. 
 Climate models provide a wide array of information to 
analyse how renewable energy sources were available in 
the past and how they will be available in the future. 
They also use various scenarios to understand how the  
future will evolve. Climate models assessed as part of the 
IPCC, such as Coordinated Regional Climate Downscaling 
Experiment (CORDEX), Coupled Model Intercomparison 
Project phase 5 (CMIP5)21 and phase 6 (CMIP6) are used 
to derive the future climatic projections over various parts 
of the Earth. CORDEX experiments are dynamically 
downscaled regional climate models which are a subset 
of CMIP5. Thus, CMIP5 and CORDEX are not indepen-
dent. AR5 is used to study the past, present and future 
climate changes. IPCC has currently released AR6 to im-
prove the climate projections in AR5. CMIP6 datasets, 
generated from AR6 projects, will be made official by 
2022. For AR6, various coupled model projections are 
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being carried out. AR6 is aimed to be an improvement for 
climate studies and uses a new set of shared socio-econo-
mic pathway (SSP) scenarios. Even though CMIP exper-
iments provide a better understanding of the future global 
climate, experiments involving regional climate models 
(RCMs), such as CORDEX, are expected to provide more 
details on a regional scale22–25. CORDEX experiments are 
high-resolution RCMs, which better resolve the fine-scale 
features of a terrain and land-use/land-cover characteris-
tics that influence the regional climate and its response to 
regional forcings26. The biases in the climate models, 
where few of them differ by a large margin, can be miti-
gated by multi-model ensembles27. 
 In India, renewable energy generation is gaining more 
support from the Government and private investors. Cost 
reduction for new wind farms and solar fields has made 
drastic changes in the investment in recent years28. Studies 
that examine the possible changes in wind and solar poten-
tial over the Indian region are limited in the literature. As 
climate change is expected to impact both wind and solar 
potential in the future, there is a requirement for proper 
documentation of the results from climate model simula-
tions. This will help the investors in this sector to carefully 
plan their investments, which are expected to significantly 
increase in the next 30–40 years in the Indian region. 
With this objective, the present study aims to evaluate the 
projected change in wind and solar energy potential over 
the Indian landmass using various climate models for the 
near future. 

Data and methodology 

Data 

In this analysis, we have used CMIP5 and CMIP6-based 
climate model outputs to examine solar and wind energy 
potential over the Indian landmass. For solar energy 
analysis, we have used daily downward solar radiation, 
whereas for wind energy analysis we have used daily hori-
zontal wind components at 10 m height, interpolated to 
100 m using the power law. 
 The world climate research program (WCRP)-supported 
CORDEX-SA (CORDEX hereafter) provides an ensemble 
of RCM projections for South Asia29,30. All CORDEX 
RCMs follow a common experiment protocol, including a 
predefined domain at 50 km resolution, common output 
variables and a format that facilitates assessment of pro-
jected climate changes in South Asia. The CORDEX 
simulations over the South Asian region have been gene-
rated by the Indian Institute of Tropical Meteorology 
(IITM), Pune, by dynamical downscaling of six CMIP5 
global climate model outputs using the International Cen-
tre for Theoretical Physics (ICTP) regional climate model 
(RegCM4) guidelines (a description is provided in the 
Supplementary Material A). The data are in 0.5° × 0.5° 
resolution, which were interpolated (using bilinear inter-

polation technique) to 1° × 1° (the added value of dynami-
cal downscaling of global climate model (GCM) outputs 
to higher resolution will not be seen if the RCM outputs 
are interpolated to coarser resolution; however, we have 
done it for comparison consistency). 
 CMIP5 climate model simulations have been carried out 
worldwide to assess climate on a decadal to centennial 
scale-based on the influence of anthropogenic GHG emis-
sions21. The future climate projections using CMIP5 atmo-
sphere–ocean coupled global climate models (AOGCMs) 
reference concentration pathways (RCPs) are driven by 
the radiative forcing deduced from different scenarios of 
anthropogenic emissions of GHG, land-use change and 
industrial aerosols31. Climate projections externally forced 
with two RCP scenarios are used in this analysis: high 
emissions scenario (RCP8.5) and medium emissions sce-
nario (RCP4.5). RCP8.5 imposes 8.5 Wm–2 of radiative 
forcing due to GHGs at the end of the 21st century, 
whereas RCP4.5 imposes 4.5 Wm–2 of radiative forcing. 
Daily outputs from the ensembles of multi-CMIP5 models 
were used in wind and solar potential analysis (Supple-
mentary Material A). The robustness of the usage of 
CMIP5 models in climatic analysis has been examined in 
several previous studies32–34. 
 In the IPCC AR6 (ref. 35), future projections of different 
scenarios also known as SSPs, are being introduced in 
CMIP6 (ref. 36). The SSPs define five different ways in 
which the world might evolve with different climate poli-
cies and how different levels of climate change mitigation 
could be achieved when the mitigation targets of RCPs 
are combined with SSPs. These include SSP1: a world of 
sustainability-focused growth and equality; SSP2: a ‘middle 
of the road’ world, where trends broadly follow their his-
torical patterns; SSP3: a fragmented world of ‘resurgent 
nationalism’; SSP4: a world of ever-increasing inequality, 
and SSP5: a world of rapid and unconstrained growth in 
economic output and energy use. SSP2 is similar to 
RCP4.5 and SSP5 is similar to RCP8.5 of CMIP5. Daily 
outputs from the ensembles of multi CMIP6 models were 
used in wind and solar potential analysis (Supplementary 
Material A). 
 The historical simulations of the CMIP5 framework 
ended in 2005, whereas CMIP6 ended in 2015. We have 
maintained this for comparison consistency. The analysis 
started in 1951 and ends in 2070 for all climate models. 
For comparison purposes, we have used the climatology 
and probability density function (PDF) employing daily 
wind speed from the National Centers for Environmental 
Prediction (NCEP) reanalysis data for the years 1951–
2005 (ref. 37). The original model output of 2.5° × 2.5° 
resolution is interpolated to 1° × 1° grid (using bilinear 
interpolation technique) and the daily average wind speeds 
for the locations in Table 1 are extracted. For comparison 
of solar climatology, downward solar radiation from 
MERRA reanalysis data is extracted from 1979 to 2015 
and averaged38. 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Table 1. Coordinates of the locations used in wind and solar potential analysis 

Wind potential Solar potential 
 

Location Coordinates Location Coordinates 
 

Tamil Nadu 10°–12°N, 77°–79°E Gujarat 22°–25°N, 67.5°–70.5°E 
Karnataka 14°–16°N, 75°–77°E Western Rajasthan 25.5°–28.5°N, 69.5°–72.5°E 
Andhra Pradesh 17°–19°N, 81°–83°E Eastern Rajasthan 25.5°–28.5°N, 74.5°–77.5°E 
Gujarat 21°–23°N, 70°–72°E Maharashtra 17.5°–22.5°N, 74.7°–77.7°E 
Rajasthan 26°–28°N, 72°–74°E Madhya Pradesh 23°–26°N, 80°–83°E 
Jammu and Kashmir 33°–35°N, 75°–77°E Andhra Pradesh 12.5°–15.5°N, 76°–79°E 

 
Methodology 

In this study, we have considered CORDEX-SA, CMIP5 
and CMIP6 models to analyse solar and wind potential over 
the Indian peninsular region. For CORDEX and CMIP5 
analysis, the historical simulations comprise data from 
1951 to 2005, whereas the future climate simulations are 
analysed from 2006 to 2070. For CMIP6 analysis, the his-
torical simulations comprise data from 1951 to 2015, 
while the future model simulations are from 2016 to 
2070. The models are interpolated over a constant resolu-
tion of 1° × 1° horizontal grids, and the ensemble annual 
and seasonal means are calculated for historical and fu-
ture projections separately. 
 The analysis consists of two parts. One is spatial analy-
sis over entire India and the second is location analysis of 
selected energy farms over different parts of the country. 
The energy farms are selected from regions of different 
states having considerable investment in the renewable 
energy sector. In spatial analysis, variations in the historical 
and future projections are studied from the ensemble of 
climate models annually and seasonally. The differences 
in wind and solar potential between future and past will 
show how the climate will change in the near future. Sup-
plementary Figure F1 shows the locations of wind and so-
lar farms across India that have been considered in this 
study. Location analysis will give the projections needed 
for future investments in these regions. For the analysis, 
daily climatology and PDFs of the ensemble means were 
compared between historical and future projections. 
 The differences in the future and historical ensemble 
means were analysed to determine the multi-model ensem-
ble mean changes to the present climate in solar and wind 
speed. Seasonal analyses of the models were also done to 
determine the season of maximum variations. The seasons 
were selected based on the climate of India and are defined 
as follows: December to February – winter, March to May – 
pre-monsoon, June to September – monsoon and October 
and November – post-monsoon seasons. To find the rea-
sons for variations in solar radiation, cloud fraction from 
the CMIP6 model was also analysed for its differences. 
This was done because the cloud fraction influences solar 
radiation more than any other parameter. To check the 
statistical significance of the results, t-test was performed 
over the differences in the trend from daily ensemble 
means and the regions with significant variations (99% 

confidence interval) are shown as dotted areas in the spa-
tial figures. Statistical significance tests were conducted 
on the basis that the differences in the models broadly 
follow a normal distribution. The normality test for the 
differences is provided in Supplementary Material B. 
 The energy potential of six wind and six solar farms in 
India was analysed to observe how the future potential will 
be. A 3° × 3° grid box was extracted around these regions, 
and the average wind and solar radiation for each day 
were estimated. 
 For wind speed analysis, wind speed at 10 m height, 
which was extracted from the models, was extrapolated 
over the average turbine hub height at 100 m using the 
power law as  
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where Uz is the wind speed at height z (100 m), 
rzU  is the 

reference wind speed at height zr (usually 10 m), and α is 
the power law exponent. For locations far away from the 
coast, α was taken as 0.2 and for ocean regions, α was 
taken as 0.14 (ref. 39). The value of α depends on factors 
such as air temperature, turbulence, elevation, season, 
orography, etc. Since this study has been performed to 
get an understanding of the future potential in a broad 
manner, a constant exponent is used here. As we are focu-
sed on wind potential over the Indian landmass, we have 
chosen α as a constant (0.2) throughout our estimation. In 
the literature, this type of analysis using constant α has 
been done before over other regions40–42. In this study, we 
do not compare current climate models, but make an effort 
to understand how the future solar and wind projections 
are represented in each of them. Also, the models may 
differ from each other in the projections as they have dif-
ferent sources and methods of simulation. In this study, 
we observe how the trend of wind and solar potential 
changes in the ensemble mean of these climate models. 

Results and discussion 

Projected changes in multi-model ensemble annual 
means 

Wind: Figure 1 compares the difference between the en-
semble means of wind speed from historical and future 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 1. Difference between the ensemble means (mean of 55 years in the historical and future projections) of wind speed from (a) 
CORDEX RCP4.5 and historical, (b) CORDEX RCP8.5 and historical, (c) CMIP5 RCP4.5 and historical, (d) CMIP5 RCP8.5 and Histori-
cal, (e) CMIP6 SSP2-4.5 and historical and ( f ) CMIP6 SSP5-8.5 and historical. Dots represent regions with 99% significance. 

 
 
projections from a multi-model mean of climate models. 
In the CORDEX simulations, wind speed in the future 
projections is found to increase in the Gangetic plains and 
decrease along the western coast of India. The eastern 
and southeastern parts of India show little change, whereas 
the eastern offshore regions show a reduction in wind speed. 
The differences are enhanced with the RCP 8.5 ensemble 
(Figure 1 b). In the CMIP5 simulations, northwest India 
shows an increase in wind speed while the western coast 
shows a decrease in wind speed. All the models reveal that 
wind speed in the west coast offshore regions will decrease 
in the future, but the CMIP simulations show that the inland 

wind speed over south-central India will slightly increase. 
The Gangetic Plains show an increase in wind speed in 
CORDEX simulations, while they show a decrease in both 
the CMIP ensembles. Along northwest India, near Rajas-
than, we observed an increase in wind speed in the CMIP 
simulations. Majority of the climate experiments indicate 
that the wind fields over southern and northwestern India 
will increase in the future, whereas the offshore winds 
near western India will decrease. The difference between 
different decades and historical means from the CMIP6  
experiments are shown in Supplementary Material C. The 
analysis shows that the variations get stronger with time, 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 2. Difference between the ensemble means of solar radiation from (a) CORDEX RCP4.5 and historical, (b) CORDEX 
RCP8.5 and historical, (c) CMIP5 RCP4.5 and historical, (d) CMIP5 RCP8.5 and historical, (e) CMIP6 SSP2-4.5 and historical, 
and ( f ) CMIP6 SSP5-8.5 and historical. Dots represent regions with 99% significance. 

 
 
but signatures of variations are present in the near future 
as well. The differences become stronger from 2030 onwards 
and follow the trend shown in Figure 1. 
 
Solar: Figure 2 compares the difference between the ense-
mble means of solar radiation from the historical and fu-
ture projections from different models. Figure 2 a shows the 
difference between RCP4.5 and historical from CORDEX 
simulations. It reveals that solar radiation along the western 
and northwestern bay will reduce in this scenario from 
the historical mean. This is further emphasized in Figure 
2 b, where RCP8.5 is compared with historical simulations. 
Along southern India, we notice few changes in CORDEX 
simulations. The CMIP5 analysis shows major changes 

occurring along central India with prominent changes in the 
foothills of the Himalayas (northeastern India; Figure 2 c 
and d). The differences from the RCP8.5 ensemble have 
stronger signals in this region than RCP4.5. The CMIP6  
ensemble analysis also shows similar results. The main re-
gions of change are central India and the foothills of the 
Himalayas. The reduction is maximum in the CMIP6 en-
semble mean for future predictions (>8 Wm–2). All the en-
semble analyses for future projections estimate that solar 
radiation over the Indian subcontinent will reduce in the 
immediate future. Similar to decadal wind speed analysis, 
we have added decadal solar differences from CMIP6  
experiments (see Supplementary Material C as well). Sup-
plementary Material C (Figures C3 and C4) show that 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 3. Difference between seasonal ensemble means of wind speed between RCP4.5 and historical data. Top row is from CORDEX, middle 
row from CMIP5 and bottom row from CMIP6 models. First column is from winter, second column from pre-monsoon season, third column is 
from monsoon season and fourth column from post-monsoon season. Dots represent regions with 99% significance. 
 
 
solar radiation will be the lowest in the future decades, 
and improve along the central and south-central India in 
future (2040–70). Solar radiation and wind speed are not 
uniform throughout the year, and thus their potential also 
varies with changing seasons. Hence, seasonal variations 
in these future projections were analysed. A similar analy-
sis over the entire Earth for wind and solar potential is 
shown in Supplementary Material D. 

Seasonal variations in projected multi-model  
ensemble mean changes 

Wind: The wind speed over India shows a bimodal varia-
tion with a maximum during winter months and another 
maximum during monsoon months. Summer and post-
monsoon seasons record some of the lowest winds over 
the subcontinent. The differences between seasonal ensem-
bles of wind speed from historical and RCPs were com-
pared for CORDEX, CMIP5 and CMIP6 (Figure 3 and 
Supplementary Figure F2). In CORDEX simulations, future 
wind speed increases along the Gangetic plains during all 
seasons. The wind speed along central and western India 
decreases in the monsoon months, whereas along south-
eastern India, it is estimated to increase in the future win-
ter and pre-monsoon months. In CMIP ensembles, future 
wind speed increases moderately along central India during 
the pre-monsoon months. Drastic changes are predicted 
along western offshore India during the post-monsoon and 
winter seasons. Southern India shows higher wind speed 
in the future predictions for most seasons, except for the 

monsoon period. During most seasons, there is an in-
crease in wind speed along southeastern India, whereas 
the Gangetic plains show a decrease in wind speed com-
pared to historical simulations. The CMIP analysis reveals 
that wind farms along southern, southeastern and north-
western India will be more beneficial compared to those 
from other regions. RCP8.5 differences show that future 
wind speed along southern India will increase, whereas in 
northern India, it will decrease or show a slight increase 
during all seasons. 
 
Solar: The Indian subcontinent receives maximum solar 
radiation during the pre-monsoon months and minimum 
during the winter months. The seasonal ensemble means 
of solar radiation for different future scenarios were com-
pared with historical simulations from CORDEX, CMIP5 
and CMIP6 (Figure 4 and Supplementary Figure F3). The 
seasonal comparisons showed maximum variation during 
the monsoon months along central and northeastern India. 
During the pre-monsoon season, CORDEX simulations 
showed an increase in solar radiation along southern India, 
whereas the rest of the country did not show any significant 
variations. Except for the pre-monsoon months, north-
western India, where the maximum number of solar farms 
are located, showed reduced future projections of solar 
radiation throughout the year. The only regions which 
showed an increase in future solar projections were 
Ladakh, Himachal Pradesh and Uttarakhand. In Figure 4 e–h 
and Supplementary Figure F3 e–h, the seasonal ensemble 
mean from CMIP5 are compared between historical and 
future projections. Maximum variations were observed in 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 4. Same as Figure 3, but for solar radiation. 
 

 
the post-monsoon season along central India. Both RCPs 
showed that the future solar radiation would reduce all 
over the country. Western India showed less variations dur-
ing the prominent solar potential months of pre-monsoon, 
while eastern India showed reduction in solar radiation 
throughout the year. Figure 4 i–l, Supplementary Figure 
F3 i–l compare the seasonal ensembles from CMIP6 his-
torical and future projections. 
 In CMIP6 simulations, the future solar radiation was 
lower than the historical values for almost all the months 
all over India. The maximum reduction in solar radiation 
was seen during the post-monsoon season, where the entire 
future projections over India have been affected. The 
CMIP6 ensemble means also show an east–west divide in 
the pre-monsoon season, with eastern India being the most 
affected, as in the CMIP5 simulations. 

Projected changes in daily climatology at selected  
locations 

Wind: The daily climatological wind speeds of various 
locations over India from historical and different RCPs 
were compared with NCEP climatology (Figure 5). Most 
of the locations showed bimodal variations in wind speed. 
The CORDEX projection recorded lower wind speed when 
compared to the CMIP projections. The monsoonal wind 
speeds over Tamil Nadu, Karnataka and Gujarat were 
higher in the NCEP data, which has also been recorded in 
the ensembles of CORDEX and CMIP. Over Rajasthan, the 
CMIP models predicted higher wind speeds than those 
recorded in the NCEP and CORDEX simulations. Over 

Andhra Pradesh and Jammu and Kashmir the wind speeds 
were low, but the ensembles were able to capture the varia-
tions in the simulations. The climatological analysis from 
all the models showed that the future projections had 
lower or equal wind speeds in the monsoon months when 
compared to the corresponding historical simulations. 
 
Solar: The daily climatological solar radiation of various 
locations over India from historical and different RCPs 
was compared with MERRA climatology (Figure 6). 
From the climatological data, solar radiation remained 
above 200 Wm–2 for most of the years. It increased from 
winter to the beginning of the monsoon season. During 
the monsoon season, solar radiation decreased over all 
the locations. This is mostly due to the cloud formations 
associated with summer monsoon. After the monsoon 
season, solar radiation was found to increase during the 
post-monsoon season and attain an average value during 
winter season. In comparison, CORDEX outputs were 
closer to the MERRA data than the CMIP experiments. 
The CMIP experiments overestimated the summer solar 
radiation over most of the locations. In all climatological 
data, the trend and values of historical experiments were 
followed closely by the future experiments showing that 
the future will not have a large climatic shift in solar radi-
ation. 

Climatological distributions at selected locations 

Wind: The PDF comparison between historical and future 
RCPs for daily mean wind speed over the locations in Table 1 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 5. Daily climatology of wind speed from all historical and future projection ensembles of CORDEX and CMIP 
models compared with NCEP over the locations mentioned in Table 1. 

 
 

 
 

Figure 6. Same as Figure 5, but for solar radiation over locations in Table 1. 
 

 
is given in Supplementary Figure F4 for the CORDEX, 
CMIP5 and CMIP6 simulations. The PDF spread from 
individual models is provided in Supplementary Material 
E. It can be noted that the CORDEX simulations have 
similar spread among themselves, whereas in the CMIP 
experiment, some of the models have different spread, 
which varies between different locations. In order to in-
corporate the effect of all the spreads, we have used en-
semble means for the analysis. This ensemble reduces the 
extremities caused by different models and the differen-
ces from historical simulations are kept in check. In loca-
tion 1 over Tamil Nadu, we found that CMIP5 showed a 
decrease in wind speed at higher velocities, while CMIP6 
simulations indicated that higher velocities would increase 
substantially. In location 2, over Karnataka, CORDEX 
and CMIP5 experiments did not show any notable varia-

tion, but CMIP6 simulations showed a decrease in the 
frequency of lower and higher velocities and an increase in 
median wind speed. In location 3 over Andhra Pradesh, 
there was a slight increase in the frequency of higher velo-
cities and a decrease in lower velocities in the CMIP5 and 
CMIP6 simulations. In location 4 over Gujarat, the fre-
quency of wind <6 ms–1 increased while higher velocities 
showed a decreasing trend in all the simulations. The 
PDF in location 5 over Rajasthan did not have any noti-
ceable change in the future projections compared to histo-
rical simulations in all ensembles. In location 6, over 
Jammu and Kashmir, we observed an increase in the fre-
quency of lower velocities, while the higher velocities 
showed a decreasing trend. This reveals that, over most 
parts of India, wind power in the future is likely to be less 
than that in the present. 

https://www.currentscience.ac.in/Volumes/122/11/1268-suppl.pdf
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Figure 7. Difference between ensemble means of total cloud cover from CMIP6: (a) SSP2-4.5 and historical and (b) 
SSP5-8.5 and historical. Dots represent regions with 99% significance. 

 
 
Solar: The PDF comparison between historical and future 
RCPs for daily mean solar radiation over the locations  
in Table 1 is given in Supplementary Figure F5 for the 
CORDEX, CMIP5 and CMIP6 simulations. The PDF spread 
from individual models is provided in Supplementary 
Material E. In this analysis, all the ensemble models pre-
dict that the future solar radiation will be lower than that 
observed in the historical simulations for all the locations. 
The reduction in solar radiation between historical and 
RCPs was less in CORDEX but more in the CMIP6 en-
sembles. In CORDEX, the deviations were not substantial 
but the solar potential was found to decrease. In CMIP5 
and CMIP6, the shift in PDF was substantial in the range 
10–15 Wm–2 over all the locations. The CMIP6 analysis 
revealed a substantial reduction in solar radiation. To verify 
this, we have considered cloud fraction estimates from the 
same models. 

Total cloud cover 

Similar to solar radiation, we plotted the ensemble means 
of historical and future projections of total cloud cover 
using the CMIP6 simulations. Figure 7 shows the differ-
ence between historical total cloud cover and SSPs. Sup-
plementary Figure F6 shows the seasonal variation of the 
ensemble differences. The daily climatology and PDF of 
total cloud cover are given in Supplementary Figure F7 for 
all the locations used for solar potential analysis. The en-
semble difference showed that the future projections of 
cloud cover are higher than those from the historical sim-
ulations over central and northwestern India. The seasonal 
analysis showed that this increase in cloud cover mostly 
occurred during the monsoon and winter months. The in-
crease in cloud cover was enhanced in the SSP5-8.5 models 
when compared to SSP2-4.5. This is correlated to the lower 
solar radiation recorded in the CMIP5 SSP5-8.5 ensemble 
(Figure 2). The climatological analysis also suggested that 
the monsoon months in the future will have slightly higher 
cloud fractions. The shift towards the right side in the PDF 
analysis in Supplementary Figure F7 also supports the same. 

Limitations of the present study 

• The CMIP experiments are run with a coarser horizontal 
resolution on a global scale to gather a broader under-
standing of climate change. CORDEX experiments are 
conducted at a higher resolution to analyse the regio-
nal level impact of climate change. The skill of regio-
nal climate simulations from CORDEX experiments 
against their forcing GCMs has been evaluated before43. 
In this evaluation, deterioration of signals in the 
downscaled products that are actually present in the 
forcing data was noted. It was speculated that this 
could be due to poor representation of ocean–atmo-
sphere interaction. Such a misrepresentation of air–sea 
fluxes in the model can definitely lead to different results 
while downscaling the GCM simulations. The improve-
ment of the CORDEX models over CMIP5 models is 
also analysed in recent studies44,45. These studies indi-
cate that the choice of driving GCMs affects the out-
come. Moreover, studies on CORDEX and CMIP5 
data show that the configuration and physics em-
ployed in each of the models are not similar46–51. This 
difference can indeed influence the output and give 
different results. 

• Ensemble members can have differences because of the 
methods and approaches involved. Hence, to neutra-
lize the extreme predictions, ensemble mean is used. 
With the inclusion of more models for the ensemble 
mean, the influences of outliers can be further redu-
ced. 

Conclusion 

The future potential of wind and solar energy over the Indian 
subcontinent is analysed using ensembles of climate 
models. The climate simulations for the past 55 years and 
future projections for 55 years are considered from six 
CORDEX-SA, 13 CMIP5 and 13 CMIP6 models for the ana-
lysis. The future projections include RCP4.5 and RCP8.5 
in the CORDEX-SA and CMIP5 models, and SSP2-4.5 
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and SSP5-8.5 in the CMIP6 models. The analysis reveals 
that over most of the Indian landmass, solar potential will 
decrease in the near future. In the CMIP experiments, wind 
potential over the onshore regions shows an increasing 
trend, while offshore regions show a decreasing trend for 
the non-monsoon months. The southern coast of Odisha 
and the southern Indian states of Andhra Pradesh and 
Tamil Nadu show promising potential for wind energy in 
the climate change scenario. The seasonal analysis indi-
cates that the southern and northwestern regions of the 
country will have higher wind speed in the winter and 
monsoon months when the wind potential is maximum. 
Solar projections for the future indicate that solar radia-
tion will decrease during all seasons over most of the active 
solar farming regions. For future investments in the solar 
power sector, central and south-central India must be 
considered during pre-monsoon months, as the potential 
loss is minimum in these regions. Regional analysis of 
wind potential indicates that the frequency of high energy-
producing wind speeds will decrease, whereas low energy-
producing wind speeds are likely to increase in the future. 
In the solar potential regional analysis, future projections 
predict a shift in the frequency of solar radiation in the 
negative direction, implying that solar energy production 
will decrease in the immediate future. This can be attribu-
ted to the increase in total cloud cover. The present study 
shows that the renewable energy fields of solar and wind 
potential in India are likely to face a negative trend in the 
future. This can be overcome by including more farms 
and using highly efficient power generators than those 
available at present. 
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