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An assessment of wind energy potential based on wind speed data over the Indian subcontinent has been made
using high spatio-temporal resolution global reanalysis for the period from 1979 to 2018. Regions of high wind
speed exceeding 4.5 m/s are identiBed over West Rajasthan, West Gujarat, Saurashtra and Kutch, Central
Maharashtra, Interior Karnataka, and Rayalaseema. Threshold wind speeds are noted to occur during the
daytime, and during the summer months from May through September. Wind speeds and the spatial extent of
threshold winds increase rapidly with height below 40 m and then gradually up to 100 m. The wind power
density is highest between 50 and 80 m, with the potential highest over Gujarat, Kutch, and Interior Karnataka
and moderate over Saurashtra and Rayalaseema. This study also notiBes that oAshore wind potential is higher
than over land, and most of the western parts of India are congenial for low wind farming. The present study
clearly delineates wind speed distributions and wind power productivity regions over the entire Indian subcontinent. The results would provide authentic wind speed and wind power potential information that would
be useful for the industries, government agencies, and industries concerning wind harness over India.
Keywords. Wind speed distribution; wind energy potential; Indian subcontinent; ERA global analysis.

1. Introduction
The world looms in energy crisis because of fastdepleting energy resources due to increasing energy
usage from rapid industrialization. As natural
resources of energy are limited and require very
long periods for identiBcation and replenishment,
the use of renewable energy gained importance and
priority at present. Renewable sources are hydro,
wind, solar, geothermal, and biomass, whereas the
non-renewable sources are coal, natural gas, and
crude oil. Solar energy tops as it is abundantly

available all over and more so in the tropical
domain. Wind energy is also eAective as the
movement of air is common and exists everywhere.
Globally, the renewable share of total Bnal energy
consumption (TFEC) by source, as per 2018
estimations, was 79.9% of fossil fuels, 2.2% from
nuclear, 6.9% from traditional biomass, and
11% from modern renewable sources. In India,
comparatively, renewable sources account for
8.97% (https://www.iea.org/fuels-and-technologies/
renewables). Proportionately, out of the 11%
contribution from renewable energy sources; 2.1%
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comes from the wind; 3.6% from hydro; 4.3% from
solar/biomass/geothermal heat together; and biofuels for transport account for 1% (REN21 2020).
Apart, considering the electricity generation and
consumption, as of March 2020, renewable energy
sources contribute to 35.86% and 21.22% of India’s
installed electricity generation capacity and total
electricity consumption, respectively. Of the
35.86% attributed to electricity generation from
renewable sources, wind power account for 10%;
large hydro concern 13%; 8% comes from biomass
and the remaining from small hydro and waste,
respectively (Central Electricity Authority 2020).
In the scenario of depleting natural energy
resources, renewable energy provides a potential
alternative and India stands Bfth to follow
Denmark, Germany, Spain, and the USA.
Due to the growing importance and need, several
investigations on the identiBcation and resourcefulness of renewable energy sources were carried
out globally. In the current world scenario of
increasing wind harnessing as an important
renewable energy resource, analysis of low-level
wind speed and assessment of wind energy potential over different world regions have been
attempted using different approaches. Estimation
of wind power potential requires characterization
of the wind speed distribution at the turbine level,
and measurements at the desired locations and
heights may not always be possible due to logistic
constraints. The sources of wind data are through
conventional observations near the surface which
correspond to 10-m level and through the atmospheric model application. Both of these data
sources have drawbacks, where observations have
the barriers of spatial and temporal resolution, and
model-generated analysis data have bounded
computational resources and the complexities of
implied physics, dynamics, and numerical methods
(Bhaskar Rao 2019). Due to the sparsity of observations, statistical methods do not provide appropriate estimations of wind at the required
locations, whereas atmospheric models provide
dynamically consistent wind Belds at different
vertical levels and at the desired spatial resolution
of the atmosphere which are more compatible.
The most commonly used method hitherto has
been to analyze near-surface wind speed from
observations, identify the best Bt, and then to
assess the wind power density. All of these studies
have indicated Weibull distribution to be the most
suitable as compared to Rayleigh and Gamma
distributions to describe the wind speed variations.
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Wind energy estimations were made using this
concept for different regions of Japan (Dokur and
Kurban 2015); Iraq (Ahmed and Mahammed 2012;
Ghitas et al. 2016); Nigeria (Himrib et al. 2008;
Dikko and Yahaya 2012; Odo et al. 2012); Ethiopia
(Wolde-Ghiorgis 1998); Spain (Carrillo et al. 2014);
Egypt (Ghitas et al. 2016); Kenya (Maina et al.
2016); Libya (El-Osta and Kalifa 2003); Greece
(Fyrippis et al. 2010); Jordan (Al-Nhoud and AlSmairan 2015); Syria (Al-Mohamad and Karmeh
2003); Yemen (Mahyoub 2006); Tunisia (Elamouri
and Amar 2008; Dahmouni et al. 2010); Turkey
(Gokcek et al. 2007); Azores Islands (Rusu and
Soares 2012); European coastal regions (Sempreviva et al. 2008); California (Dvorak et al. 2010);
Korean peninsula (Kim et al. 2011); South China
Sea (Zhou et al. 2006; Zheng et al. 2013; Zheng and
Li 2015); Ontario and Great Lakes (Ashtine et al.
2016); and India (Kumar et al. 2017; Satyanarayana et al. 2019).
In contrast, a few studies were attempted to
assess wind energy using numerical atmospheric
models. The Department of Environment, Australia has produced wind maps at the 80-m level at
8 km spatial resolution from 1995 to 2005 assimilating the observations into a wind mapping model
(http://www.dpi.vic.gov.au/˙data/assets/pdf˙Ble/
0006/38841/SKM-DPI-Renewable-Energy-Part2v5˙Part1.pdf). Willow et al. (2014) have used
MERRA (Modern Era Retrospective-analysis for
Research and Analysis) data at 67 km (longitudinal) 9 50 km (latitudinal) resolution for the
period from 1979 to 2009 to produce the wind Beld
at the turbine heights of 50-, 80-, and 150-m over
Australia. In their study, the authors have computed wind power density, using median (in lieu of
the mean) and coefBcient of variation (in lieu of
standard deviation) and interpreted the results in
terms of abundance and variety. Xi et al. (2009)
made an assessment of wind power on a global
scale using global wind analysis data from GEOS5 DAS (Goddard Earth Observing System version
5 Data Assimilation System), available at 67 9 50
km2 horizontal resolution and three lowest levels
of 71, 201, and 332 m. These data were used to
estimate the wind speed and wind power at 10-m
over the USA. Wakeyama and Ehara (2011) used
model-generated wind data at 500-m resolution as
available from NEDO (New Energy and Industrial
Technology Development Organization) and
assessed the wind power potential over Northern
Japan. Standen et al. (2017) used UKMO (United
Kingdom Meteorological ODce), uniBed model, to
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generate hourly wind speeds at seven heights
below 200 m for the 10 years of 2001–2010, and
their results indicated the superiority of atmospheric model output over the statistical-based
Measure-Correlate-Predict (MCP) method. Florin
et al. (2016) used the assimilation of satellite
measurements in ECMWF (European Centre for
Medium Range Weather Forecasts) and NCEP
(National Centres for Environmental Prediction)
model-based global reanalysis data to produce
wind speed data for the Mediterranean Sea region.
Their study indicated the usefulness of this wind
data over coastal and island locations. Sabique
et al. (2016) evaluated wind and wave power
potential over the Red Sea region using Advanced
Research Weather Research and Forecasting
(ARW) model-derived data. As compared to the
atmospheric model application, only one study
using a statistical model was attempted. Jeon and
James (2012) applied a stochastic time series
model to generate 72-hr predictions for one year
over Greece and suggested that the statistical
model could be used as an alternate to an atmospheric model to derive the wind speed for wind
power estimation.
Continuous eAorts are being made towards the
assessment of wind energy over the Indian subcontinent, since the 1980s. Mani and Mooley (1983)
reported the Brst wind source assessment, in which
regular surface wind data from monitoring towers
have been used and were the Brst to identify the
Gujarat region as the most resourceful for wind
energy. Many studies on wind speed and energy
over India are followed (Rao 1986; Amin 1999;
Bakshi 2002; Prakash and Srinivasa 2017; Maity
et al. 2019; Satyanarayana et al. 2019). Although
the objective of these studies was the same to
provide wind resource data, they differed only in
data type and methodology. The wind power
potential over India had been assessed by the
Centre for Wind Energy Technology (CWET
2010), presently National Institute of Wind Energy
(NIWE), and compiled ‘Indian Wind Atlas’ providing winds at 50-m from observations and probable estimates at 80-m height. CWET, in
collaboration with the Riso DTU National Laboratory for Sustainable Energy, Denmark computed
the wind Cow at 500 m spatial resolution using a
blend of the mesoscale model derived winds and 97
micro-scale measurements. So far this is the
authenticated estimation of wind power over India,
released from an oDcial source, and is being used
by the industry as well as the government agencies

Page 3 of 19 64
related to renewable energy. Although this is the
best wind power potential estimation over India,
the estimation had the limitation of using data of
only one year.
The standard height for measuring wind speed
as well as model derived product is 10-m. However,
for wind resource assessment, it may become necessary to estimate the wind speed at higher altitudes to choose the heights of wind turbines for
power production (WMO 1981). For this purpose,
‘Power and logarithmic laws’ are used to obtain
the change in wind speed with height (WMO
1981). The Power law is simpler, empirical, and
adequate for wind energy calculations as compared
to the logarithmic law (Farrugia 2002). In recent
times, wind resource characterization is made at
the turbine heights of 50/80/120 m and wind
energy studies use the reconstructed winds from
the 10-m level. Chauhan et al. (2010) provided
estimated wind power potential over different
states of India based on the ‘Indian Wind Atlas’
from CWET. Phadke et al. (2011) have used wind
speed data produced using WRF model at 3.6 km
resolution and three heights of 80, 100, and 120 m
for the Indian region and reported that the wind
energy potential estimates are higher and slightly
better than those provided in the ‘Indian Wind
Atlas’ produced by the CWET (2010). Draxl et al.
(2014) reported the use of the Weather Research
Forecasting (WRF) model to generate wind at 1.1
km spatial resolution over Gujarat (a state in
India) for one complete year and demonstrated the
advantages of the model-derived wind data for
wind power assessment. Reddy et al. (2015) studied the wind speed observations at 4.5 m level and
estimates at 50-m height for the 6 years of
2007–2012 and reported that Weibull distribution
provides better estimates than the Rayleigh distribution. Yip et al. (2016) characterized the wind
resources over the Arabian peninsula using the
wind estimates based on 10-m level data from the
MERRA dataset and classiBed the wind resourceful areas. This study concluded that a precise and
comprehensive wind power potential estimation
needs analysis of high-resolution wind data that
could represent the spatial features and local circulations. Satyanarayana et al. (2019) estimated
wind speeds at different levels below 120 m using
the wind speed observations at the 10-m level for
the period from 1979 to 2015 over the Andhra
Pradesh and Telangana regions.
It could be inferred from the aforesaid reviews,
not withstanding that the use of model-generated
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data is more scientifically and technically better,
their generation had been constrained of computational resources to run atmospheric models at
sufBciently high horizontal resolution. Due to
rapid advancements in computer technology during the last 2–3 decades, it is now possible to run
atmospheric models at high resolutions of few tens
of kilometres, and atmospheric models are now
being used for data assimilation that can include
all synoptic and asynchronous observations from
different sources to generate high-resolution
analysis Belds over a domain of interest. The
atmospheric data, thus generated would conform
to the atmospheric dynamics and physics, at the
desired spatio-temporal resolutions (Bhaskar Rao
2019). Hence, at present, this methodology is
considered superior to the application of statistical methods and a few studies have used the
dynamically derived global analysis data for wind
energy studies (Wakeyama and Ehara 2011 for
Northern Japan, Willow et al. 2014 for Australia,
Florin et al. 2016 for Mediterranean region,
Sabique et al. 2016 over the Red Sea, Xi et al.
2009 over the USA).
The established relationship between wind speed
and wind power production shows that the cut-in
speed (the threshold wind speed needed to begin
generating electricity) is 3.5 m/s, congenial for
normal wind power production from 4.5 m/s, which
increases rapidly till the wind speed attains optimum at 14 m/s and the turbines would stop at the
wind speeds [25 m/s (Wolfson 2012; NYSERDA
2020). It was also reported that the wind speed
thresholds of 4.5–5.4, 5.4–6.7, and [6.7 m/s correspond with marginal, good, and exceptional wind
power productivity (Ramachandra and Shruthi
2003). While wind power generation is considered
as the best renewable energy source, the high cost
involved in the installation of wind turbines for
large scale power generation is one of the factors of
the hindrance. Research advancements have led to
the development of low wind turbines that could
produce micro-generation of power ranging from
1–100 kilowatts with the cut-in speed of 3.5 m/s
that are typically usable at home or a farm or be
embedded as a part of grid generation (Tummala
et al. 2016; Oluseyi et al. 2019). Low wind turbines
are also being favoured as large turbines are
supposed to contribute to the increase in temperatures and precipitation ultimately aAecting their
sustainability (Wang and Prinn 2010).
The current status of wind energy assessment
over India shows the limitations of data sources
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and applications. The present study is motivated
to provide an assessment of wind speed distribution at different ranges for the entire land region of
the Indian subcontinent, identify potential regions
of wind energy using high-resolution wind data,
which would be useful for wind energy applications. This study is an attempt to provide wind
power potential at different heights below the
100-m level over the Indian subcontinent. The
novelty of the present study is the use of high
temporal (1-hourly) and spatial (12.5-km) resolution data for a continuous 40-year period to estimate the wind energy potential at these resolutions
over the entire Indian subcontinent.

2. Data and methodology
2.1 Data
1. Wind speed data at 10-m level, at the 30-km
horizontal resolution, at 1-hr interval (from 0000 to
2300 UTC) for the period 1979–2018, available
from the ERA5 [ECMWF (European Centre for
Medium-Range Weather Forecasts) Re-Analysis
5th
generation]
(https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era5). ERA5
is the Bfth generation of ECMWF atmospheric
reanalyses of the global climate, and the Brst
reanalysis produced as an operational service.
2. Wind speed data at 10-m level, at *12.5-km
resolution, at the 3-hourly interval (0000, 0300,
0600, 0900, 1200, 1500, 1800, and 2100 UTC) for the
period 1979–2018 from the ERA (ECMWF ReAnalysis) Interim datasets (http://apps.ecmwf.
int/datasets/data/interim-full-daily/levtype=sfc/).
ERA-Interim represents a third-generation reanalysis, available for the period 1 January 1979–31
August 2019.
Both the ERA5 and ERA-Interim data are produced using an atmospheric model and data assimilation system referred to as an Integrated Forecasting
System (IFS). IFS uses a comprehensive earth system
model developed at ECMWF and 4-dimensional
variational data assimilation system (Dee et al. 2011).
The reanalysis products, currently available from a
few sources such as NCEP-USA, ECMWF-UK, JRA
(Japanese Meteorological Agency (JMA) reanalysis)
Japan, are the most reliable and credible as they are
generated using the state-of-the-art atmospheric
models and methodologies to assimilate observations
from different sources such as radar, satellite, buoy,
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ship, etc., along with conventional global observations. The global reanalysis products would not have
any bias arising due to physical parameterization
schemes as the model is integrated for very short
periods of less than 24-hrs (Dee et al. 2011). These
ERA5 and ERA-Interim atmospheric data (including
wind) were assessed by several research groups all
over the world and approved their quality and usefulness to derive credible scientiBc deductions
(Horanyi 2017; Olauson 2018; Urraca et al. 2018;
Belmonte Rivas and Stoffelen 2019; Graham et al.
2019; Hersbach 2019; HoAmann et al. 2019; Satyanarayana et al. 2019; Hersbach et al. 2020; Lei et al.
2020). These two datasets are exclusive as they cover
long temporal periods starting from 1979 at 12.5 and
30-km horizontal resolutions, respectively, covering
the entire globe.
3. Wind speed observations, at 10-m level, at
1-hr interval, of the recent Bve year period
2011–2018, at 10 Automatic Weather Stations
(AWS), located within the high wind speed zones
in the west and south-central parts of India
(table 1a) as available from the oDcial Indian
source, i.e., the MOSDAC website (http://mosdac.
gov.in/data/jsp/new˙login/main˙login.jsp).
4. Daily mean wind speed observations, at the
20-m level at eight wind turbine locations over the

west and southern parts of India (table 1b), as
provided by the National Institute of Wind
Energy, India.
2.2 Methodology
1. ERA-Interim wind data at the 10-m level at
12.5-km resolution were used to compute daily
mean wind speeds, and spatial distributions for
each of the 12 months separately and seasonally
of monthly and seasonal mean wind speeds over
the Indian subcontinent considering the 40-yr
data period 1979–2018.
2. ERA5 data at the 10-m level at 1-hr interval
were used to compute hourly averages of wind
speeds and the average number of hours that
surpass the wind speed thresholds of 4.5, 5.4,
and 6.7 m/s per day for each of the 12 months
separately and seasonally considering the 40-yr
data period 1979–2018.
The data corresponding to all the days on which
the Indian subcontinent had the occurrence of a
weather disturbance such as a depression or a
tropical cyclone were discarded and data of all
the other days were considered for analysis.
This Bltering was done to avoid the inCuence of
high wind speed associated with depressions or

Table 1. Statistical metrics of the evaluation of ERA-Interim wind speed data at different (a) MOSDAC-AWS locations and
(b) wind turbine locations.
Sl.
no.
(a)
1
2
3
4
5
6
7
8
9
10
(b)
1
2
3
4
5
6
7
8

Station

Latitude
(°N)

Longitude
(°E)

Gujarat
Desalpur, Kutch
Maharashtra
Tamil Nadu
Rajasthan
Bangalore
Ahmedabad
Karanataka
Machilipatnam
Anantapur

23.02
23.23
17.93
8.70
26.76
13.03
23.03
14.86
16.21
14.46

Muppandal
Ramagiri
Kadavakallu
Chikkodi
Bhud
Kamalapur
Sivalakha
Jaisalmer

08.15
14.17
14.47
16.25
17.20
17.35
23.38
26.56

Length of the data
Start date

End date

MAE

RMSE

CC

BIAS

IOA

72.51
69.44
73.67
77.46
77.01
77.56
72.54
74.43
81.17
77.88

1 Jan 2011

31 Dec 2018

0.48
0.52
0.51
0.53
0.53
0.57
0.48
0.56
0.58
0.54

0.53
0.57
0.58
0.56
0.62
0.61
0.54
0.56
0.57
0.6

0.88
0.87
0.78
0.94
0.87
0.84
0.86
0.75
0.93
0.91

0.21
0.34
–0.35
0.31
0.34
0.31
0.37
0.36
–0.28
0.34

0.91
0.87
0.84
0.93
0.89
0.82
0.86
0.78
0.94
0.91

77.33
77.30
77.57
74.34
74.12
76.58
70.58
70.53

May-1997
May-2001
May-2001
Aug-1993
Oct-2003
Jun-2004
Nov-2000
Jan-1999

Oct-2005
Jun-2005
Dec-2010
Mar-2011
Dec-2006
Mar-2007
Mar-2004
Dec-2005

0.62
0.53
0.63
0.66
0.57
0.58
0.59
0.57

0.61
0.62
0.59
0.53
0.53
0.55
0.54
0.61

0.82
0.87
0.83
0.79
0.88
0.86
0.87
0.84

0.45
0.34
0.58
0.41
–0.31
0.45
0.34
0.31

0.86
0.89
0.84
0.81
0.81
0.83
0.88
0.82

MAE: Mean absolute error; RMSE: root mean square error; CC: correlation coefBcient; IOA: index of agreement.
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cyclones that would enhance the average value.
3. Statistical metrics of BIAS, MAE (mean absolute error), RMSE (root mean square error),
IOA (index of agreement) and correlation coefBcient (COR) have been computed to evaluate
the ERA-Interim data as compared to daily
observations. The equations/formulae (Wilks
2006) are as follows:
Pn

Þ
i¼1 ðf i  f Þðoi  o
qP
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
ð1Þ
COR ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
n
2


ðf

f
Þ
ðo

o
Þ
i¼1 i
i¼1 i
MAE ¼

n
1X
jfi  oi j;
n i¼1

Pn
IOA ¼ 1:0  Pn

i¼1 ðfi

i¼1 ðjfi

 oi Þ2

 oj þ joi  ojÞ2

;

ð3Þ

ð4Þ

3.1 ERA wind data validation

where f and o values correspond to ERA-Interim
data and AWS observations, respectively.
4. Wind speeds at four speciBed heights of 20-, 40-,
60-, and 80-m were estimated using the Power
law (WMO 1981; Petersen et al. 1998)
 a
H2
;
ð5Þ
WS2 ¼ WS1 
H1
where WS1 is the velocity at height Z1, WS2 is
the velocity at height Z2, H1 is the height 1
(lower height), H2 is the height 2 (upper height)
and a is the wind shear exponent (0.14).
In the present computations, the wind speed at
10 m level is the base (lower height H1).
5. Wind power density at the four chosen levels
was computed using the formula (Ramachandra
and Shruthi 2003)
Pd ¼ 0:5Ke D we3 ;

3. Results and discussions
The study region of the present research is conBned
to the Indian subcontinent. For brevity of understanding the spatial characteristics, presentation,
and discussion of the results are made with reference to 36 subdivisions as per the classiBcation by
the India Meteorological Department (Bgure 1).

ð2Þ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
i¼1 ðfi  oi Þ
RMSE ¼
;
n

each of the eight boxes (locations and domains
are given in Bgure 4 and table 4), considering
the box-averaged values. These eight boxes
were chosen to represent the highest wind speed
regions and not based on the station height.
Box averaging is made to produce area-representative magnitudes which would be more
consistent than of a single point.

ð6Þ

where Ke is the energy pattern factor Ke = [w3i /
Ne]/w3e, D is the density of air (1.29 kg/m3), we are
the wind speed in m/s, Pd = power per unit area
(watts/m2), wi is wind speed hourly, Ne is number
of wind speed hourly values, Ke energy pattern
factor (ERA5 data at the 10-m level at 1-hr
interval were used to calculate the average energy
pattern factor for each of the 12 months separately
considering the 40-year data period 1979–2018).
6. The mean speed and wind power density values
were calculated using the above formula (6) for

In the present study, ERA-Interim wind data at
the 10-m level for the period 1979–2018 is used to
make an assessment of wind speed and consequentially the wind power potential over the
Indian subcontinent. Since ERA data is a global
analysis product, described in section 2, the 10-m
level wind data is validated by comparison with
corresponding data collected by automatic weather
stations (AWS). For the validation, 1-hourly 10-m
wind data from 10 AWS, located within the high
wind speed zones over the west and south-central
parts of India, for the period 2011–2018 are used.
ERA data at the nearest grid point to the AWS
location is considered, which implies that the
maximum distance between station location and
the grid point is B 8.3 km. The statistical metrics
of MAE, RMSE, CC, BIAS, and IOA are computed
for each of the 10 AWS stations and are presented
in table 1(a). The results indicate a very good
agreement and consistency as evidenced by high
IOA (*0.78–0.9); high CC (*0.75–0.94); lowest
RMSE (0.53– 0.62) and MAE (*0.48–0.58) and
low BIAS (–0.35 to 0.37). To supplement the data
validation, ERA wind speeds are compared with
data from wind turbine installations over the
northwest, west, and southwest parts of the Indian
subcontinent. As the wind data at the wind turbine
installations are made at 20-m level, ERA data at
the 10-m level is used to estimate the wind speeds
at 20-m level using equation (5) given in section 2
(Data and methodology). The data at the turbine
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Figure 1. Meteorological subdivisions over India.

locations are compared with the nearest ERA grid
points, which means that the distance between the
two points is limited to a maximum of 8.3 km. The
statistical metrics of MAE, RMSE, CC, BIAS, and
IOA are computed for each of the turbine locations
separately and are given in table 1(b). These statistical metrics are similar to those of validation with
AWS data. The CC is high ranging from 0.79 to 0.88;
MAE is lower in the range of 0.53–0.66; RMSE is
lower in the range of 0.53–0.62; BIAS varying from
–0.31 to 0.45, and the IOA is high in the range of
0.81–0.89. This validation with data from wind turbine locations complements the validation with AWS
data and conBrms the quality of the ERA wind data.
These values denote very good correspondence and
much better consistency of ERA-Interim global
analysis data than of Draxl et al. (2014) who
reported MAE, RMSE, and BIAS of 1.47–1.57,
1.93–2.01, and –0.03 to 0.73 for their model data
validation over Gujarat. A separate evaluation of
ERA5 data is not performed as both the ERA5
and ERA-Interim are generated using the same
model and data assimilation procedure and the
difference being limited to the spatial (30 and 12.5
km) and temporal (1- and 3-hourly) resolutions.
These results authenticate the quality of the ERA
data and their application to the assessment of the
wind power potential of the present study.
3.2 10-m wind analysis
The spatial distribution of mean annual wind speed
at 10-m level over the Indian subcontinent was
analyzed (not shown), which depicts regions on the
west and south-central parts of India to be having

wind speeds higher than 3 m/s, whereas the north
and eastern parts of India and the windward side of
the Western Ghats to have lesser wind speed.
Specifically, West Rajasthan, West Gujarat, and
Saurashtra regions and the leeward side of the
Western Ghats that include the parts of Maharashtra, Karnataka, Andhra Pradesh, and Tamil
Nadu were identiBed as regions with higher wind
speed ([3 m/s). Since the variability of the wind
speed is important, the spatial distribution of the
standard deviation of the wind speed was computed and investigated (not shown). It is observed
that the regions of higher (lower) wind speed are
associated with higher (lower) values of standard
deviation. This implies that higher wind speed
regions are to be further analysed for the time
durations of the wind speed.
Additionally, the spatial distributions of mean
monthly wind speed distributions were analysed to
identify the months and seasons that would be
favourable for wind power generation (Bgure 2). In
these maps, contours are drawn at 3.5, 4.5, 5.4, and
6.7 m/s which are the thresholds considered for
wind power generation as described before in section 1. The monthly distributions showed that the
highest wind speeds occur during June, July, and
August and marginally higher during May and
September as compared to other months, which
were identiBed over the west and south-central
parts of India. These higher magnitudes favouring
wind power generation were observed to occur
starting in the pre-monsoon month of May and
extend through the southwest monsoon season
(June–September). Indian subcontinent experiences higher temperatures during these 5 months,
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Figure 2. Spatial distributions of mean monthly wind speed (m/s) from January through December. Contours selected to
correspond with wind speed thresholds for wind power production.

and the increase in wind speed over the northwest
and along the west coast is due to the strong
westerly Cow with speeds of 4–6 m/s from the
Middle East and southwesterly wind Cow with
speeds of 6–8 m/s from the Oman coast (Dodla
Venkata et al. 2017; Satyanarayana and Bhaskar
Rao 2020). Apart from the general atmospheric
Cow, the noted higher wind speeds in the planetary
boundary layer during the summer (April and
May) and the monsoon rainy season (June, July,
August, and September) are due to higher convective instability and unstable conditions as
compared to calm winds and higher atmospheric
stability during the winter season (Stull 2015).
It is observed that Gujarat, specifically the
regions of Kutch and Saurashtra, had the advantage of winds higher than 4.5 m/s in all the 5
months, i.e., May through September, which designate this region to be most congenial for wind
power generation. Further, the average number of
hours/day with different thresholds of 3.5, 4.5, 5.4,
and 6.7 m/s were computed using ERA-Interim
data at 1-hourly temporal resolution considering
the 40 years. As noted earlier, consideration of
wind speeds between 3.5 and 4.5 m/s are useful for
low turbine wind power generation and thresholds
of[4.5,[5.4, and[6.7 m/s denote marginal, good,

and exceptional wind power production. The spatial distributions of the number of hours/day for
the four different thresholds are presented in
Bgure 3. The pattern of the number of hours is
similar to that of wind speed distribution indicating that the regions with higher wind speed also
have a longer duration. West and south-central
parts have the highest duration during June, July,
and August whereas Gujarat had a longer duration
extending to May and September. Considering the
thresholds, west and south-central parts have good
wind power productivity with wind speeds higher
than 5.4 m/s and with the duration of *10–16
hrs/day, whereas Gujarat and South Karnataka
had an exceptional rate of productivity, where the
wind speeds exceeding 6.7 m/s had a duration of
*10–12 hrs/day. This analysis clearly brings out
that the wind power potential is highest over the
west and southwest parts of India during the
summer and monsoon seasons. The combination of
the distributions of wind speed and duration would
be helpful to identify the localised regions of the
highest wind power productivity in India.
To supplement the monthly analysis, seasonal
distributions of the wind speed and the number of
hours that exceed 4.5 m/s in a day are analysed
and presented in Bgure 4. The spatial distributions
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Figure 3. Spatial distributions of mean wind speed hours/day for the selected wind speed thresholds of (a–e) [6.7 m/s;
(f–j) [5.4 m/s; (k–o) [4.5 m/s; and (p–t) [3.5 m/s for May to September.

of the average wind speed (Bgure 4a) showed
higher values over the western parts of India (excluding extreme north and south). The regions of
Rajasthan, Gujarat, Kutch and Saurashtra, East
Maharashtra, Interior Karnataka, South coastal
Andhra Pradesh, and Rayalaseema are noted to be
more favourable with wind speeds above 4.5 m/s
than the rest of the Indian subcontinent. The
number of hours per day for the wind speeds
exceeding 4.5 m/s (Bgure 4b) clearly displayed
that the regions of maxima coincided with the
regions of higher wind speeds. Thus, the identiBed
regions of Gujarat, Kutch, and Saurashtra, East
Maharashtra, Interior Karnataka, South coastal
Andhra Pradesh, and Rayalaseema could be construed as the regions of wind power potential. To
facilitate the application of wind speed distribution
in the design and implementation of wind power
generation over the Indian subcontinent, the
average number of hours per day, during May–June,
for the wind speed thresholds of [3.5, [4.5, [5.4,
and[6.7 m/s for different subdivisions are provided
in table 2. This data supplements the information
provided in Bgure 4 and would be useful to easily
assess subdivision-scale wind power potential.

To further understand the wind power potential
over these regions, eight box regions, with each box
covering 100 9 100 km2 area, representative of
locations within the identiBed higher wind speed
region is selected over which additional analysis of
wind speed has been carried out. The locations of
the boxes are given in table 3. The time series of
daily mean wind speed (m/s), computed for the
period 1979–2018, for each of the eight boxes are
presented in Bgure 5(a). A dashed line corresponding to 4.5 m/s is drawn in all the Bgures to
facilitate interpretation concerning the wind power
threshold. The time series clearly brings out the
variations in the wind power potential in different
areas within the higher wind speed regions. The
regions of southwest Rajasthan, Kutch, and
Saurashtra (boxes 3, 2, and 1) had the highest
potential with higher wind speed and longer time
durations of 198, 169, and 149 days. The regions of
Interior Karnataka, Rayalaseema, and South
coastal Andhra Pradesh (boxes 5, 7, and 6) also
show good power potential with durations of 122,
102, and 74 days, respectively. Although Tamil
Nadu and Madhya Pradesh regions fall within the
region of wind speeds [3 m/s, they have meagre
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Figure 4. Spatial distributions of (a) mean wind speed (m/s); (b) the number of hours/day exceeding[4.5 m/s averaged for the
5 months from May to September. Selected box regions located in the high wind speed zones are marked in (a).

Table 2. Mean wind speed hours per day for different wind thresholds for different
meteorological subdivisions.
Sl.
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Subdivision
Saurashtra & Kutch
West Rajasthan
Gujarat
North interior Karnataka
South interior Karnataka
Tamil Nadu
Rayalaseema
Madhya Maharashtra
West Madhya Pradesh
Telangana
Coastal Andhra Pradesh
Gangetic West Bengal
Jammu & Kashmir
Marathwada
Kerala
Orissa
Bihar
East Madhya Pradesh
Konkan & Goa
Vidarbha
Chattisgarh
Haryana
Nagaland, Manipur, Mizoram and
Tripura
East Uttar Pradesh
West Uttar Pradesh
Jharkhand
Uttaranchal
Punjab
Assam and Meghalaya

[3.5
m/s

[4.5
m/s

[5.4
m/s

[6.7
m/s

22
20
20
20
20
20
20
18
16
16
14
14
14
14
14
12
12
12
12
12
12
10
8

22
18
16
18
16
16
16
16
12
12
10
6
6
8
0
4
6
4
4
6
4
4
2

20
14
14
14
12
10
10
14
8
10
6
0
4
6
0
0
3
1
2
2
0
1
0

11
8
7
7
5
4
4
6
1
3
2
0
2
0
0
0
0
0
0
0
0
0
0

8
8
6
6
6
2

4
4
2
2
2
2

2
1
0
1
0
0

0
0
0
0
0
0
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Table 3. Domains of the 8 selected boxes.
Box

Latitude
(°N)

Longitude
(°E)

1
2
3
4
5
6
7
8

26–27
23.5–24.5
22–23
23–24
17–18
15–16
14–15
9–10

70–71
69–70
69.5–70.5
75–76
75–76
79–80
77–78
78–79

power potential. The diurnal variations of the
mean hourly wind speed computed using hourly
data for the period from 1 May to 30 September for
the 40 years, and averaged for each of the box
regions are presented in Bgure 5(b). This computation is performed to identify the periods in a day
that have wind speeds exceeding 4.5 m/s. The time
series plots show that the wind speed starts
increasing from 0000 UTC (correspond to 0530

IST, Indian Standard Time), crosses the threshold
of 4.5 m/s between 0100 and 0200 UTC (0630–0730
IST) soon after sunrise, increases till 0800 UTC
(1330 IST), starts decreasing and dips below 4.5
m/s around 1200 UTC (1730 IST). This variation indicates the occurrence of winds exceeding
4.5 m/s for *10 hrs continuously during daytime as
the increase and decrease of wind speed are found to
be synchronous with heating from solar radiation.
3.2.1 Low wind farming
Considering the cut-in speed for wind power
generation to be 3.5 m/s and the advent of low
wind farming in recent times (Wang and Prinn
2010; Tummala et al. 2016; Oluseyi et al. 2019),
assessment of the spatial extent of the average
wind speed between 3.5 and 4.5 m/s and the
number of hours/day exceeding 3.5 m/s over the
Indian subcontinent was made (Bgure 4). It is
inferred from this analysis that most of the

Figure 5. (a) Time series of average daily wind speed (m/s) for the selected box regions and (b) diurnal variation of average
hourly wind speed (m/s).
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western parts of India, covering the regions of
Rajasthan, Gujarat, Kutch and Saurashtra, West
Madhya Pradesh, Madhya Maharashtra, Coastal
and interior Karnataka, Telangana, Coastal
Andhra Pradesh, and Rayalaseema (Bgure 4a) are
favourable for low wind farming. It is also noted
that these wind speeds occur for at least 10
hours/day (Bgure 4b) indicating these regions to
be highly favourable for low wind farming. This
result adds to the general analysis with threshold
wind speed [4.5 m/s.
3.3 OAshore wind farming
It would be of interest to consider the generation of
wind power in the open ocean, which is referred to
as ‘oAshore wind power’ in contrast to ‘onshore wind
power’ overland. The ‘oAshore wind farming’ is
supposed to have the advantages of higher wind
speeds (due to negligible surface friction), larger
farming area, and non-detrimental climate impacts
(Zheng et al. 2016). Since the ERA analysis is
available at 12.5 km resolution globally, the wind
speed data at 10-m level, averaged for the 5 months
from May to September of the 40 years from
1979–2018, are used to derive spatial distributions
over the ocean regions of the Arabian Sea and Bay
of Bengal along with the Indian subcontinent, and
presented in Bgure 6. The results have shown that
the wind speeds are between 5.4 and 6.7 m/s near
the coastline and are higher than 6.7 m/s over the
ocean part, with a duration of 12–16 hours/day
(Bgure 6). This is in sharp contrast to the occurrence of wind speeds ranging between 4.5 and 5.4
m/s with durations of 10–12 hrs/day (Bgure 4b)
that are limited to the northwest and south-central
parts of the Indian subcontinent. This analysis
brings forth the higher wind power potential, in
terms of higher wind speed and longer duration,
over the open ocean and substantiate the advantages of oAshore wind farming. Although oAshore
wind farming has certain advantages of higher
power generation, the involved higher cost of
installation and maintenance tend to favour onshore
wind farming at the current time (Blanco 2009).
3.4 Wind power potential
The data source provides wind speed at the 10-m
level as representative of surface wind. It is possible
to estimate the wind speed at different altitudes,
within the surface layer (below *100 m) of the
PBL (Planetary boundary layer) for which the
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mathematical expression, based on theory and
observation, is deBned in equation (5) (WMO 1981;
Petersen et al. 1998). The wind speeds at 20, 40, 60,
80, and 100-m levels have been computed using
equation (5), taking the 10-m level wind speed as
the base. The spatial distributions of the mean
wind speed averaged for May, June, July, August,
and September over the Indian subcontinent at 20,
40, 60, and 80 m levels are presented in Bgure 7.
Contours were drawn considering the thresholds of
3.5, 4.5, 5.4, and 6.7 m/s, which provide the wind
speed variation with height within the lowest
100-m layer. It was observed that the wind speed
increases with height as 19% from 10- to 20-m and
20- to 40-m level; 9% from 40- to 60-m level; 8%
from 60- to 80-m level and 5% from 80- to 100-m
level. It was also observed that the area extent
increased with height. The spatial distribution at
the 20-m level shown that West Rajasthan, Kutch
and Saurashtra, South Coastal Andhra Pradesh,
Rayalaseema, South Telangana, and Interior Karnataka are the regions with wind speed exceeding
4.5 m/s. The 40-m level distribution shows a
broader region extending from Rajasthan through
the southeast coast, which denotes 50% area
enhancement as compared to 20-m level. The 60-m
level distribution shows a slight increase in area
extent (*15%) than at 40-m level. At the 80-m
level, more than 50% of the Indian subcontinent
covering the western parts of India denotes wind
speed exceeding 4.5 m/s. The computed wind
speeds over Gujarat agree with those of Draxl et al.
(2014). These estimations of wind speed at different levels below 100-m level bring out an important
deduction that the mast height of windmill should
be around 80-m level that would have enhanced
and most productive wind power density in terms
of not only higher wind speed but also wider spatial
extent.
The daily wind power density was calculated
using equation (6) for each of the eight boxes
chosen to represent different locations within the
higher mean annual wind speed region (above 4.5
m/s). The time series (Bgure not shown) showed
high wind power density in the regions of Kutch,
Saurashtra, and Rajasthan and moderate wind
power density over Rayalaseema, South Andhra
Pradesh, and Interior Karnataka. The regions of
Tamil Nadu and Madhya Pradesh were not as
productive as the wind power density values were
\80 W/m2. The wind power potential at the
selected heights of 20-, 40-, 60-, and 80-m was
computed at each of the grid points over the
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Figure 6. Spatial distributions of (a) mean wind speed (m/s) and (b) number of hours/day exceeding wind speed of 6.7 m/s
averaged for May to September.

Figure 7. Spatial distributions of mean wind speed (m/sec) at different heights of (a) 20 m, (b) 40 m, (c) 60 m, and (d) 80 m
averaged for May to September.

Indian subcontinent, and the spatial distributions
of their values averaged for the 5 months from
May to September at the four heights are presented in Bgure 8. It is to be noted here that the
wind power potential distribution would be different from the distribution of wind speed as the

computation of wind power potential involves the
cube power of the wind speed. These results
brought out that the wind power potential regions
are conBned to Gujarat, Kutch and Saurashtra,
Interior Karnataka, and Rayalaseema only,
although the areas with wind speed [4.5 m/s are
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Figure 8. Spatial distributions of mean wind power density (W/m2) at different heights of (a) 20 m, (b) 40 m, (c) 60 m, and
(d) 80 m averaged for May to September.

noted to have much larger area extent. Further,
the highest power potential is conBned to Gujarat,
Kutch, and Interior Karnataka only, and the
spatial extent, as well as the magnitude of the
wind power density, marginally increased with
height. The increase in wind power density was
*68% from 10- to 20- and 20- to 40-m; *36%
from 40- to 60-m; *24% from 60- to 80-m; and
was *18% from 80- to 100-m level. The variation
of the wind power density with height (averaged
over the eight boxes) showed that the threshold
value of 150 W/m2 coincides with the *50-m level,
which conBrms the advantages of having the windmill
height to be above 50-m (table 4). These results are
conclusive to indicate that windmill heights above
50-m are more productive. The results of this study
qualitatively agree with those in ‘Indian Wind Atlas
2010’ to the extent of magnitudes and the regions of
high power density ([200 W/m2) are broader in the
area extent and better delineated due to the use of
high-resolution data.

Table 4. Wind speed (m/s) and wind power density (W/m2) at
different heights for each of the eight selected box regions.
Wind speed (m/s)
Box

10 m

20 m

40 m

60 m

80 m

100 m

1
5.8
6.8
8.1
2
6.1
7.2
8.6
3
6.6
7.8
9.3
4
5.6
6.6
7.9
5
4.3
5.2
6.1
6
5
5.9
7
7
4.1
4.9
5.8
8
4.2
5
6
Wind power density (W/m2)
1
117.2
197.1
331.5
2
136.6
229.7
386.3
3
173.3
291.4
490.1
4
107.1
180.1
302.9
5
50.2
84.4
142
6
75.3
126.6
212.9
7
42.8
72
121.1
8
47
79.1
133

9
9.5
10.3
8.7
6.8
7.8
6.4
6.6

9.7
10.2
11
9.4
7.3
8.4
6.9
7.1

10.2
10.8
11.7
9.9
7.7
8.8
7.3
7.6

449.4
523.6
664.3
410.5
192.4
288.6
164.1
180.3

557.6
649.7
824.3
509.4
238.8
358.1
203.6
223.8

659.1
768.1
974.5
602.2
282.3
423.3
240.7
264.5
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4. Summary and conclusions
The present study is an attempt to provide a
distinct and comprehensive assessment of wind
speed and wind power potential over the Indian
subcontinent. The novelty of the study is the use of
high resolution (*12.5 km) global analysis based
10-m wind data spanning a continuous 40-year
period from 1979–2018. The use of this data for
deriving wind power potential is considered to be
advantageous than the conventional observations,
which have the limitations of spatial sparsity that
are hitherto used in earlier studies in India. The
ERA global analysis of wind data has been validated by comparison with observations from
selected automatic weather stations before adoption for analysis. Since the wind data is to be
applied for the estimation of wind power potential,
wind data for the days inCuenced by synoptic
weather disturbances such as depressions and
tropical cyclones have been discarded to avoid
enhancement in the computation of average
monthly and seasonal wind speeds. Spatial distributions of the mean monthly wind speeds at the
10-m level are analysed to identify the regions and
periods that are conducive for wind power farming.
Analyses were performed with different thresholds
of 3.5, 4.5, 5.4, and 6.7 m/s to identify the regions
of low wind, and normal wind farming for marginal,
good, and exceptional categories of wind power
generation. Estimations of wind speed were made
at different heights below the 100-m level to
determine optimized heights for wind farming.
Projections on oAshore wind farming have been
attempted for exploring its advantages and viability. The conclusions derived from this study
would be appropriate towards the formulation of
policies and planning of wind energy production
over the Indian subcontinent.
The results are summarized as follows:
1. ERA (ECMWF ReAnalysis) wind data is
established to be useful for the estimation of
wind power potential. The high resolution
(12.5 km) hourly data had shown to yield high
correlation (0.75–0.94), high IOA (0.78–0.9),
low BIAS (0.31–0.45), low MAE (0.48–0.66),
and low RMSE (0.53–0.62) when validated
with corresponding observations from automatic weather stations and wind turbine
locations.
2. Spatial distributions of average wind speed
depict regions on the west and south-central

3.

4.

5.

6.

7.

8.

parts of India to have magnitudes higher than
3.5 m/s, whereas the north and eastern parts
of India and the windward side of the Western
Ghats have lesser wind speed.
Monthly variations of wind speeds, in terms of
magnitude as well as the number of hours/day,
denote the summer months of May, June, July,
August, and September (the later 4 months
also represent summer monsoon over India) to
have the required threshold winds ([4.5 m/s)
conBrming these periods to be favourable for
wind farming.
The regions of Gujarat, Kutch and Saurashtra,
East Maharashtra, Interior Karnataka, South
coastal Andhra Pradesh, and Rayalaseema are
noted to have the potential for wind power
generation, considering the threshold of [4.5
m/s. Gujarat, Kutch, and Saurashtra are
identiBed to have the longest duration of 5
months (May through September), whereas
the other regions would have the threshold
winds for 3 months only (June, July, and
August).
The regions of Gujarat and South Karnataka
had the highest power potential where the
wind speed exceeding 6.7 m/s occur for
*10–12 hrs/day. In contrast, the other regions
over the west and south-central India have
good wind power productivity with wind
speeds higher than 5.4 m/s occurring for
*10–16 hrs/day.
In terms of the average number of days
with wind speeds exceeding 4.5 m/s per
year, the regions of southwest Rajasthan,
Kutch and Saurashtra had longer time
duration of 198, 169, and 149 days, followed by Interior Karnataka, Rayalaseema
and South coastal AP which had durations
of 122, 102 and 74 days respectively,
whereas Tamil Nadu and Madhya Pradesh
regions had wind speeds [3 m/s that
indicate meagre power potential.
Diurnal variation of wind speeds delineates
that daytime hours favour higher wind speeds,
as the wind speed threshold of 4.5 m/s was
noted to occur soon after sunrise (*07:30 AM
IST) and decrease from sunset (*17:30 IST).
It was identiBed that most of the western parts
of India, covering the regions of Rajasthan,
Gujarat, Kutch and Saurashtra, West Madhya
Pradesh, Madhya Maharashtra, Coastal and
interior Karnataka, Telangana, Coastal Andhra
Pradesh, and Rayalaseema, are favourable for
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low wind farming where the wind speeds are
higher than 3.5 m/s.
In respect of oAshore wind power potential,
this study characterises that the wind speeds
are higher over the ocean than land. The wind
speeds are between 5.4 and 6.7 m/s near the
coastline and are higher than 6.7 m/s over the
open ocean, with a duration of 12–16 hrs/day,
in contrast to the wind speeds of 4.5–5.4 m/s
to have durations of 10–12 hrs/day overland.
This study brings forth the increase of wind
speed with height to be rapid (20%) from the
surface to 40-m level and then gradual (10%)
from 40- to 100-m level. This ensures that the
spatial extent of the wind speed thresholds
increases with height below the 100-m level,
approximately covering 50% of the Indian
subcontinent to have wind speeds [4.5 m/s at
80-m level.
Estimation of wind power potential indicates
that Gujarat, Kutch, and Interior Karnataka
have the highest potential, whereas Saurashtra
and Rayalaseema had moderate potential.
This result is in sharp contrast to the reported
larger areas having threshold wind speeds
[4.5 m/s.
The wind power density is found to have
rapidly increased at lower levels, at *68%
between 10–20 and 20–40 m layers, gradually
reducing to *18% between 80 and 100 m. The
wind power density is noted to attain the
threshold value of 150 W/m2 at *50-m level,
indicating the advantages of positioning the
windmill at a height of *50 m.

The present study conclusively identiBes the
potential areas of wind energy over the Indian
subcontinent, based on high resolution, hourly
wind speed data for 40 years from 1979 to 2018.
The recently accessible global reanalysis data,
generated using model application assimilating
observations from conventional and remote sensing
platforms, was authenticated through weather and
climate studies by several researchers. The novelty
of the present study is the use of this futuristic
reanalysis data, at the high spatial resolution of
*12.5 km and temporal resolution of 1–3 hrs for
determining the regions of threshold ([4.5 m/s)
wind speeds and the periods in terms of favourable
months, seasons, times of the day and the continuous number of hours. Further, these data at 10-m
level was utilised to estimate the wind speeds and
to assess the wind power potential at different
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heights below 100-m level which helped to infer
the optimized height, favourable periods, and the
spatial extents of wind power potential. The
important deduction that the congenial times for
wind power production are the daytime and the
summer months imply the role of solar heating,
whereas the identiBed regions on the west and
south-central parts of India signify the dominant
role of regional-scale monsoon circulation resulting
from land–ocean thermal contrast. This study also
provided potential regions for low wind farming
and projected the higher oAshore wind power
potential over the ocean region surrounding the
Indian subcontinent, both of which are of interest
in the emerging renewable energy scenario. The
authors have notiBed the wind power potential
information at the level of subdivisions for different wind speed thresholds, which along with
the other results may provide useful inputs for
different applications. The results obtained from
this study are unique and valued, as they have
been derived from accredited surface wind data
through the assimilation of all available observations using modelling strategy, which will be
useful to both the industry and policymakers for
eAective planning of wind energy augmentation
over India.
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