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Secular decrease of wind power potential in India
associated with warming in the Indian Ocean

Meng Gao'#, Yihui Ding?, Shaojie Song', Xiao Lu™3, Xinyu Chen'*, Michael B. McElroy'*

The Indian government has set an ambitious target for future renewable power generation, including 60 GW of
cumulative wind power capacity by 2022. However, the benefits of these substantial investments are vulnerable
to the changing climate. On the basis of hourly wind data from an assimilated meteorology reanalysis dataset
covering the 1980-2016 period, we show that wind power potential may have declined secularly over this in-
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terval, particularly in western India. Surface temperature data confirm that significant warming occurred in the
Indian Ocean over the study period, leading to modulation of high pressure over the ocean. A multivariable
linear regression model incorporating the pressure gradient between the Indian Ocean and the Indian sub-
continent can account for the interannual variability of wind power. A series of numerical sensitivity
experiments confirm that warming in the Indian Ocean contributes to subsidence and dampening of upward
motion over the Indian continent, resulting potentially in weakening of the monsoonal circulation and wind

speeds over India.

INTRODUCTION

India, the third largest energy-consuming country in the world, emitted
2.4 billion metric tons of carbon dioxide (CO,) in 2013, trailing only
China and the United States. The energy supply in India is domi-
nated currently by fossil fuels (73.8%), composed of coal (44.5%),
oil (24.2%), and natural gas (5.1%) (I). Energy demand in India is
projected to increase significantly over the coming decades. Primary
energy consumption is forecast to quadruple by 2040 compared to
the level that applied in 2005 (2). The primary driver is a growing
economy expected to reach more than five times its current size by
2040, combined with a demographic boom anticipated to make India
the world’s most populous country by 2025 (2). To match the growing
energy demand, approximately 800 GW of new power generation
capacity will be required by 2040, equivalent to the existing installed
capacity for the entire European Union (2).

Wind power is one of the most important alternative energy sources
for India, with the potential to decouple the growth of energy demand
and emissions of air pollutants and CO,. Development of wind power
in India is relatively recent; its wind capacity amounted to only 6 GW
in 2006. The growth since then has been exponential: The cumulative
capacity increased by a factor of five in a decade. The cumulative
installed capacity for wind power reached 32.8 GW in 2017, ranked
number 4 globally, behind only China, the United States, and Germany
(3). The wind power investment in India is concentrated in western
and southern regions, including the states of Tamil Nadu, Gujarat,
Mabharashtra, and Rajasthan (4). These four states account for ap-
proximately 70% of the national total (24.3, 16.8, 14.7, and 13.2%,
respectively) (4). The Indian government has set an ambitious target
to double the capacity for wind power over the next 5 years (60 GW
by 2022) (5). The overall wind power potential for India is 2.5 times
higher than its current energy demand (I, 6). The current development
of wind power is still at an early stage. Significant expansion of the
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current capacity will be needed to decarbonize the country’s energy
economy over the long term.

While wind power provides an important opportunity to miti-
gate anthropogenic climate change, the available power generation
and the economics of wind power investments are also susceptible
to a changing climate (7, 8). Projections from climate models high-
light prospective declines in wind power potential by 2100 on the
order of 10 to 40% over the Northern Hemisphere middle latitudes
(9). Sherman et al. (10) argued that the potential for wind power in
China has been declining markedly over the past 37 years; the decline
attributed primarily to weakening of the East Asia winter monsoon.
The presence of a high-pressure system over Siberia in combina-
tion with variations of pressure associated with changes in tempera-
ture over the Western Pacific represents the dominant influence for
the winter wind regime in China. Conditions determining wind power
potential in India differ from those in China. Blocking due to the pres-
ence of the Tibetan Plateau in combination with the seasonal dis-
tribution of temperature in the Indian Ocean is especially important
for India. The potential variation of wind power resources and pos-
sible links to a changing climate in India are underappreciated. In-
sights on this topic are critical, as wind power investments are expected
to play an increasingly important role in satisfying India’s growing
energy demand.

In this study, we report an analysis of variations in wind power
potential for India over the past four decades, with a focus on relevant
driving climate factors. Following Sherman et al. (10), a high-resolution
assimilated meteorology dataset for wind speeds [Modern-Era Retro-
spective analysis for Research and Applications, version 2 (MERRA-
2)] was adopted to explore the potential wind power output for India,
with an hourly time resolution and a spatial resolution of approxi-
mately 50 km by 50 km. We find that India has been experiencing a
significant reduction in the potential for wind power generation
(—0.77 PWh per decade; P < 0.01) over the study period, primarily
in spring and summer. The dominant influence responsible for the
decreasing wind potential is attributed to strong warming in the Indian
Ocean, resulting in a weakening of the Indian summer monsoon
(ISM). This association is validated further on the basis of a statistical
model and with simulations using a regional numerical climate-
weather model.
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Fig. 1. Spatial features of wind resources. Spatial distribution of (A) 37-year mean CFs and (B) the CV (defined as the ratio of the SD to the means).

RESULTS

Wind power spatial distribution

Figure 1 (A and B) shows mean values of capacity factors (CFs;
more details in Materials and Methods) for wind power and related
coefficients of variation (CVs; based on annual values) for India dur-
ing the 1980-2016 period. High-quality wind resources are located
predominantly in western and southern India, with CF values higher
than 25%. Compared with the global CF map shown in Lu et al. (6),
values of CF calculated for India in this study are generally higher but
with a similar spatial distribution. Lu et al. (6) used the Goddard
Earth Observing System Model, version 5 (GEOS-5) six-hourly op-
erational meteorology dataset, while this study uses the more recently
updated MERRA-2 hourly assimilated fields, the likely source of the
differences. Further, MERRA-2 covers a longer time period com-
pared to GEOS-5. Northern and central Indian regions are associated
with a high interannual variability, with values for CVs higher than
10%. The implications of these interannual variations are detailed
later in the Discussion section.

Long-term wind power variability

We calculated a 37-year mean potential electricity (PE) generation for
five regions: western, northern, southern, eastern, and northeastern
India, as presented in Fig. 2A. The spatial distribution of wind power
in India is extensive: Western India accounts for the largest share
(36%) of the national total, followed by northern and southern India
(26 and 25%, respectively). Northern and western India are found to
show the greatest declines (-18 and —14.4%) over the past several
decades, with reductions of —5.0 and —4.0% per decade, respectively.
In the states with the largest installed wind power capacity, significant
declines are found as well, with the exception of the results for Tamil
Nadu. The greatest decline is projected for Rajasthan, where PE gen-
eration is highest (Fig. 2B). The long-term declining trend of the
wind resource poses a potential risk for the financial return on wind
power investments. The current investment accounts only for 2 to
3 years of historical wind conditions, but the lifetimes of a wind turbine
range from 20 to 30 years (11, 12). A potential secular decline of wind
conditions triggered by climate change, in this case, could influence the
future financial return of recent wind investments.

Over the entire Indian subcontinent, PE production decreased
at a rate of —0.77 PWh per decade [P < 0.01; —13% during the
1980-2016 period (Fig. 3A)], suggesting that wind power systems
installed over this time interval would have become less productive.
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Fig. 2. Spatial features of declines in PE generation. The 37-year mean potential
for electricity generation from the wind and declining rates inferred for western,
northern, southern, eastern, and northeastern India (A) and a summary of results
(B) for selected states with large wind power investments.

In India, 63% of the annual production of electricity from wind is
contributed by winds in spring and summer (Fig. 3B). However, the
PE that could be generated from winds in spring and summer has been
declining rapidly, with rates of decline higher than those in fall and winter.
The secular decrease in wind power in India, particularly during spring
and summer, reflects weakening of the ISM over the study interval.

Warming in the Indian Ocean and declining

temperature contrast

The contrast between low pressure associated with high temperature
over the Indian subcontinent and high pressure over the ocean drives
the ISM (13). The Mascarene High in the southern Indian Ocean (SIO)
is the powerhouse of the ISM. Winds originating from this system turn
to the northeast under the cross-equatorial pressure gradient force. The
flow from the Southern Hemisphere can also form closed or almost
closed circulation patterns near the equator, systems referred to as equa-
torial anticyclone/highs (14). The sinking air in the lower troposphere
near the equator confirms the existence of equatorial anticyclone/high
(fig. S1). We calculated trends in surface temperature during the mon-
soon season [May, June, July, and August (MJJA)] in the Indian sub-
continent, the equatorial Indian Ocean (EIO), and the SIO (regions
are marked in Fig. 4A) using the surface temperatures developed in
MERRA-2. Figure 4B shows the time series of temperature averaged
over these three regions during the study interval. Mann-Kendall trend
analysis was applied to examine the significance of the temperature
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Fig. 3. Interannual and seasonal features of declines in PE generation. Time
PE generation, including a linear fit.
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trend with a P value of less than 0.05. There was no significant trend
for temperature over the Indian subcontinent (65°F to 85°E and 15°N to
30°N), while temperature over the EIO (50°E to 110°E and —10°S to 10°N)
and the SIO (50°E to 110°E and 20°S to 40°S) regions increased sig-
nificantly (P < 0.01). Warming in the Indian Ocean implies that the
land-sea thermal gradient was declining over the study period, serving
to modulate the strength of the ISM. A recent study using a coupled
model framework points out that warming over the equatorial ocean
inhibits convection over the Indian subcontinent, suppressing rainfall
over India and modulating the Hadley circulation (15).

Figure 5 (A and B) shows temperature and sea-level pressure (SLP)
differences between the EIO and the Indian subcontinent (A) and
between the SIO and the Indian subcontinent (B). As the tempera-
ture contrast between the EIO and Indian subcontinent decreases (P <
0.01), the SLP gradient declines significantly (P < 0.01). However,
although similar trends are found for the temperature contrast and
for the SLP gradient between the SIO and the Indian subcontinent, the
SLP gradient trend fails to pass the significance test (P = 0.46).

We developed a multivariable regression statistical model incor-
porating dPg;, (SLP differences between the EIO and Indian subcontinent)
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series for (A) the total PE generation over the 1980-2016 period and (B) the seasonal
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and dPgp,(SLP differences between the SIO and the Indian subconti-
nent) and time ¢ to represent potential wind electricity generation

PE = ap + aldPslpl + aZdPslp2 + ast

where ag, a;, a0, and a; denote regression coefficients obtained through
optimization. This statistical model was applied to the entire Indian
region for spring and summer when the ISM is prevalent. Figure 5C
shows the annual PE predicted for the spring and summer seasons
on the basis of the multivariable statistical model with wind speeds
derived from MERRA-2. The statistical model accurately reproduces
the descending trends in spring and summer electricity generation, with
a correlation coefficient as high as 0.84 (P < 0.01). This suggests that
the gradient of pressure between sea and land during the monsoon sea-
son can effectively determine the wind electricity generation potential
in spring and summer. Since the wind potential for India is dominated
by conditions in spring and summer (Fig. 3B), and the spring and sum-
mer wind potential is highly correlated with annual wind potential (r =
0.94, P < 0.01; Fig. 5D), the regression model based on the pressure
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Fig. 5. Temperature and SLP contracts between land and ocean. Temperature and SLP differences between the EIO and the subcontinent (A) and between the SIO
and subcontinent (B), with results from the linear regression model (C) and the correlation between yearly PE and spring and summer PE (D).

gradient in the monsoon season (MJJA) displays considerable skill in
reproducing and predicting long-term interannual trends for wind
power potential in India.

Numerical model response to warming in the Indian Ocean
To examine the role of warming in the Indian Ocean on wind speeds
at wind turbine hub height, we conducted numerical model sensitiv-
ity experiments using the Weather Research and Forecasting (WRF)
model. Figure 6 (A and B) shows the response of model wind speeds
at 100 m to warming over the EIO regions (A) and to warming over
both the EIO and SIO regions (B). Warming over the EIO results in a
decline in wind speed at 100 m over northern and southern India, but
with no apparent change in western India (Fig. 6A). As shown in Fig.
2A, western India experienced a significant decrease in potential wind
power. When warming over both the EIO and SIO regions is taken
into account, the reduction of wind speed at 100 m over India is fur-
ther enhanced, particularly over western India. The response of
model wind speeds at 100 m to warming over both regions shows
better spatial agreement with the trend of lower troposphere wind
speeds in MERRA-2. Declines in wind speeds at 15°S inferred from
MERRA-2 (fig. S2) are consistent with the model responses to
warming over both EIO and SIO regions but are not seen in the model
responses to warming only over the EIO region (Fig. 6, A and B). This
further confirms the conclusion that the interannual variability of wind
power potential over India is affected jointly by warming over both the
EIO and SIO regions.
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Examination of changes in vertical wind velocity over the Indian
subcontinent and the Indian Ocean region (50°E to 80°E) due to warming
in the Indian Ocean is shown in Fig. 6 (C and D). Significant warming
over the EIO is responsible for large-scale upward motion over this
region, extending up to and spreading over the upper troposphere (Fig.
6, C and D). This large-scale motion favors subsidence in the Southern
Hemisphere (20°S to 40°S; Fig. 6C) but is compensated by warming over
the SIO, as indicated by the less intensified downward motion at 30°S
(Fig. 6D). The warming over the EIO leads also to subsidence of air over
the Indian subcontinent (15°N to 30°N), inhibiting convection over land
and, thus, reducing the intensity of the monsoonal circulation.

DISCUSSION

Analysis of the spatial and long-term variability of wind power potential
in India using assimilated meteorology indicates that there would
have been a significant decline over the past 37 years, particularly
in the highly invested western Indian region (Rajasthan and Maharashtra
states). Nationwide planning for future wind power investments in
India could be usefully informed by consideration of the historical
reconstruction.

The variation of wind power potential for India is attributed mainly
to changing properties of the ISM, modulated by trends in sea sur-
face temperature (SST) in the Indian Ocean. SST in the Indian Ocean
increased significantly during the study period (1980-2016). Both
statistical and numerical model analyses confirm that warming in the
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Fig. 6. Model responses to warming in the Indian Ocean. Climate model response of wind speeds at 100 m (A and B) and zonal mean (60°E to 80°E) cross section for
vertical wind speeds (C and D) to warming over the EIO (left column) and over both the EIO and SIO (right column).

Indian Ocean contributed to a weakening of the intensity of the ISM,
resulting in a decline of wind power potential for India as a whole.
The Indian Ocean and the ISM are closely linked: Enhanced warming
in the Indian Ocean has been implicated in a reduction of ISM rainfall
(15, 16); conversely, weakening of the summer monsoonal cross-equatorial
flow has contributed to an acceleration in Indian Ocean warming
(17). Many studies have been conducted to elucidate mechanisms for
this Indian Ocean warming. Positive Indian Ocean warming is found
to be associated largely with anthropogenic forcing, enhanced by
greenhouse gases (GHGs), but weakened by anthropogenic aerosols
(18-20). Rao et al. (20) found that the net surface heating resulting
from GHGs is not sufficient to account for the consistent warming,
while intensified convection over the EIO has exerted a consistent pos-
itive feedback on warming over the ocean. Lee et al. (21) argued that the
recent warming trend in the Indian Ocean has its origin in the Pacific
Ocean, the influence communicated by the Indonesian throughflow.
Although our analysis indicates that the weakening of the ISM has
been implicated as having a negative impact on the historical variation
of power from wind, there has been an intense debate on the stability
of the ISM. Goswami et al. (22) showed that extreme ISM rain events
increased significantly between 1951 and 2000, while moderate events
decreased. Jin and Wang (23) reported that, since 2002, ISM rainfall
showed a revival driven by stronger warming over land and less
warming in the Indian Ocean. This monsoonal strength revival is
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not seen, however, in our wind power analysis. On the basis of simu-
lations of future climate, Ma and Yu (24) found that the ISM may be
weakening in the upper troposphere but strengthening in the lower
troposphere in response to enhanced surface land-sea thermal con-
trasts. However, the enhanced land-sea temperature contrast under
increasing GHGs forcing is not apparent in the analyses of historical
temperature trends (15, 23). The mismatch between predictions
based on radiative forcing of GHGs and observed historical land-sea
temperature contrast has been attributed to an offsetting negative
influence from aerosols over the Indian subcontinent (25-27). The
competing effects of GHGs warming and aerosol cooling may have
contributed to the minor trend in temperature observed over the In-
dian subcontinent (Fig. 4B).

This study emphasizes the impact of Indian Ocean warming on
wind power. It does not, however, exclude the possibility of other
factors, such as surface roughness changes (28) and teleconnections
from remote regions. Previous studies highlighted the importance of
the Atlantic multidecadal oscillation (AMO) on Indian rainfall (29-32)
and suggested that an anomalously warm North Atlantic and cold
South Atlantic could contribute to a strong ISM. However, the AMO
shifting from the cold to warm phase during this study interval
(1980-2016) should have resulted in an enhancement in the ISM,
but this work, along with other previous studies, fails to support this
conjecture (15, 23).
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The variable wind power will affect decisions made at all timescales
and across multiple geographic scales associated with the planning and
operation of power systems (33). Different time frames need to be ad-
dressed when examining the impacts of integrating intermittent wind
power. On the time frame of seconds to minutes, the system operation is
controlled mainly by automatic equipment and control systems (34).
From a time frame of minutes to 1 week, system operators need to com-
mit and dispatch generators to maintain power balance through normal
conditions and to deal with contingencies (34, 35). On annual-to-
multiyear time frames, system planners must ensure that transmission
and generation facilities can provide reliable power at low costs under
emission constraints (34). In addition, several important environmental
and climate policies, such as carbon reduction targets, renewable portfolio
standards, and carbon cap-and-trade initiatives, are mainly designed and
evaluated on a yearly timescale.

The impacts of short-term variability of wind power on system
operations, including unit commitment, economic dispatch, and
operational reserves, are consequential but relatively well understood.
We note that the interannual variability discussed in this paper is not
directly linked to the short-term power system operation. However, the
impacts of interannual variability of wind power on a longer time frame
have been underappreciated (36) until recently. A recent study (36)
combined power system long-term planning with 10 years of inter-
annual variation of renewables for the first time. It pointed out that the
interannual variability of climate conditions significantly affects the
planning and operation of power systems with respect to the levelized cost
of electricity and CO, emission intensities in the United Kingdom under
medium and high penetration of renewables. Another recent study (37)
pointed out further that the volatility of annual total generation cost and
emission intensity for European power systems (due to interannual climate
variations) will increase by a factor of 5 when the renewable penetra-
tion increases to 35% as compared to the condition that applied in
2015. The design of carbon policies, for instance, should allow for the
banking of renewable credits/carbon allowances over more than a
year to hedge against this interannual variability.

The relationship between warming of the Indian Ocean and wind
power in India could help improve the understanding of interannual
variations. Predictions of the power available from wind over the coming
year can be improved on the basis of the forecasts of the SST anomaly. For
example, the current National Oceanic and Atmospheric Administration
forecast for SST anomalies projects that significant changes in SST in the
Indian Ocean are not expected to develop in 2018 (38), suggesting
little change in expected wind power generation for India this year.
Karnauskas et al. (9) concluded that the wind energy resource will
increase in India over the next century based on CMIP5 (Coupled
Model Intercomparison Project Phase 5) models. Given the fact that
most of these models failed to simulate the spatial distribution of aero-
sols over India (27), nor did they capture land-sea temperature contrasts,
it is clear that these projections should be interpreted with caution. The
present study provides insights on how warming in the Indian Ocean
historically affected wind power in India. Focused studies of factors
influencing thermal conditions in the Indian Ocean could play an im-
portant role in projections for the future potential of wind power.

MATERIALS AND METHODS

CF and PE generation analysis

The power curve for the GE 2.5 MW wind turbine was applied in this
study to calculate hourly wind power outputs. The hub height of the GE
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2.5 MW wind turbine is 100 m. Previous studies estimated wind speeds
at hub height through interpolation using the oversimplified '/,
coefficient that ignores the variation due to changes in surface
roughness or atmospheric stability (39). We obtained wind speeds
at 10 and 50 m from the NASA MERRA-2 dataset, a replacement
for the MERRA dataset with more observational constraints (40).
MERRA-2 provides hourly wind speeds at 10 and 50 m on a grid of
0.5° latitude by 0.625° longitude. Wind speeds from MERRA-2 were
validated using four reanalysis datasets [National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric
Research Reanalysis-1, NCEP/Department of Energy Reanalysis-2,
ERA-Interim reanalysis, and MERRA reanalysis] and measurements
of wind speeds at 10 and 100 m in India (section S1). Validations at both
near-surface levels and 100 m displayed consistent declining trends. We
used Egs. 1 and 2 (10, 39, 41) to estimate the friction coefficient (o) and
wind speeds at 100 m (v;4)

In Y=
Vio
o= 1
In2 (1)
100\ “
vioo = V1o 10 (2)

Estimated hourly wind speeds at 100 m were substituted into the
power curve for the GE 2.5 MW wind turbine to calculate hourly wind
power outputs and hourly CFs. CF values are defined by

P,
CF = " (3)
Prated

where P, denotes the real hourly wind power output and P4 refers
to the rated power of the turbine. To eliminate areas judged unsuitable
for deployment of wind power systems, such as regions that are forested,
urban, or covered with water or ice, we used land cover information
obtained from the NASA MODIS (Moderate Resolution Imaging Spec-
troradiometer) satellite MCD12C1 dataset (42). The SRTM 90m digital
elevation database version 4.1 (43) was used to calculate terrain eleva-
tion and slopes for each grid. Grids characterized by slopes of more than
20% or by heights of more than 3000 m were excluded as inappropriate
for deployment of wind power systems. We assumed that the turbines
should be separated by approximately 9 by 9 rotor diameters (0.58 km?)
to minimize turbine-turbine interference (44). The area for each wind
reanalysis grid was divided by 0.58 km” to calculate the number of
turbines in each grid. Grids with CFs less than 0.15 were considered
uneconomical and were excluded accordingly. PE generation from
wind in India was calculated using

i=nh A
i1 Pratea X CF x — (4)

A Va4
A= 0.58

j=1

where ng denotes the number of grids in India judged as feasible for
deployment of wind power systems, nh represents number of oper-
ational hours for each year, and A, refers to the area for each grid (in
square kilometers).

We note that the wind power potential derived here is based on a
fixed separation distance for wind turbines, whereas actual wind turbine
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siting for specific wind farms would be optimized on the basis of the
microlevel information on geographical topography and would yield
a relatively higher source of electricity from the wind. Hence, we would
argue that our results for the total wind power potential for India are
relatively conservative. The interannual variation of available wind
power, however, should be similar once the specific locations of the
wind turbines are fixed. The main conclusions drawn here associated
with the interannual variation and the long-term declining trend are
not significantly influenced by this simplification.

Coupled numerical model experiments

To explore the physical mechanism responsible for declining wind
speeds in India, we conducted a number of simulations using the
WRF model version 3.8.1. The WRF model was developed by the
National Centre for Atmospheric Research and has been shown to
be capable of simulating monsoon circulation and other weather
phenomena. The model domain was configured using Mercator projec-
tions extending from ~22°E to ~137°E (160 grid points) in the east-west
direction and from 50°S to 50°N (160 grids) in the north-south direction,
with a horizontal resolution of 81 km (fig. S4). According to the surface
temperature trend in MERRA-2, SST increased by about 0.7° and 1.3°,
respectively, in regions 1 (the EIO) and 2 (the SIO) over the study in-
terval explored here. To examine the impacts of strong warming on
wind potential in India in these two regions, we carried out three
experiments: (i) a control simulation (WRFy) with normal settings
covering MJJA for 2001; (ii) SST increased by 0.7° over the EIO
(WRF,,); and (iii) SST increased by 0.7° and 1.3°over the EIO and
SIO (WREF, 1), respectively. The differences between WREF,,; and
WREF, are interpreted as representing the response of the model to
warming over the EIO, and the differences between WREF,,;, and
WREF, are taken as indications of the response of the model to
warming over both regions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/12/eaat5256/DC1

Section S1. Datasets used to validate the trends in wind speeds derived from MERRA-2

Fig. S1. Zonal mean vertical pressure velocity during summer averaged over the 1980-2016
period inferred from MERRA-2.

Fig. S2. Long-term trend of wind speeds at 850 hPa (in m/s per year) inferred from MERRA-2
over the 1980-2016 interval.

Fig. S3. Trends of wind speeds in India inferred from multiple datasets.

Fig. S4. WRF modeling domain.
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