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Abstract: This paper explores the effects of climate change on the wind energy input (WEI) to
the surface waves (SWs) in the northern Indian Ocean (NIO), a region with great potential for
green renewable energy from waves and wind. We used the newly developed Coupled Model
Intercomparison Project Phase 6 (CMIP6) model data to predict the spatiotemporal variations of the
WEI to the SW. We found that, under the global warming scenario, the WEI to the SWs decreased
significantly in most of the NIO, and it will drop by 18% to 27% in the central and southern regions
by the end of the 21st century under the SSP5-8.5 scenario. However, the WEI to the SW5s increased
in the Red Sea, Persian Gulf, northwestern Arabian Sea, and northern Bay of Bengal, with the largest
increase in the Persian Gulf region (up to 27%). We also examined the interannual and interdecadal
variability characteristics of the WEI to the SW after the accumulation of the whole study region and
found that it showed a long-term increasing trend only under the SSP1-2.6 scenario, while it showed
a significant decreasing trend under the SSP2-4.5 and SSP5-8.5 scenarios. Furthermore, we show that
the WEI to the SWs in the Indian Ocean mainly occurs in summer, followed by winter.

Keywords: wind energy input; surface waves; north Indian Ocean; CMIP6

1. Introduction

The Indian Ocean plays a pivotal role in global climate change and ocean energy
research. Since 2005, the Indian Ocean’s warming and the surge in anthropogenic aerosol
concentration have significantly impacted the summer monsoon circulation over the Indian
Ocean. The Indian Ocean monsoon has demonstrated a distinct weakening trend over
recent decades, with aerosols identified as the primary factor inducing the weakening of
the summer monsoon [1-4]. The direct impact of the weakening of the North Indian Ocean
(NIO) summer monsoon is a reduction in monsoon rainfall. Drought-prone countries
around the NIO are highly dependent on monsoon rains for their agriculture, economy,
food security, and overall health. Therefore, the weakening of the NIO summer monsoon
significantly affects the climates of neighboring countries, even in China, South Korea, and
Japan, as well as the development of agriculture and economy [5-7]. WE in the ocean can
serve as an important renewable energy source, playing a crucial role in reducing carbon
emissions and mitigating climate change [8]. Meanwhile, the Indian Ocean is one of the
world’s maritime shipping centers, with abundant marine resources, numerous marine
energy channels, and a central location on the Maritime Silk Road [9]. Therefore, the
development and utilization of wind and wave energy are necessary for the energy needs
and economic development of neighboring countries and for past ships. The wind energy
input (WEI) to the ocean surface waves (SWs), recognized as a renewable energy source,
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holds considerable research potential for the advancement and utilization of future energy.
The implications of climate change will be particularly noticeable in coastal regions where
human activities intersect with the ocean. Importantly, the escalation in coastal wave energy
suggests that coastal risk and adaptability will face heightened challenges [10]. Waves serve
as a vital conduit between the atmosphere and the ocean, channeling substantial amounts of
heat, momentum, and gas fluxes into the ocean via the air-sea interface [11]. Concurrently,
the WEI to SWs constitutes the dominant component of the WEI to the ocean [12]. Over
the past three decades, a multitude of scholars have conducted pertinent research on the
WEI to the ocean [12-16]. The WEI to the ocean is approximately 70 TW [17], of which
the WEI to the SWs is about 68 TW [11]. The WEI to the SWs exhibits variations across
different periods and is contingent on different estimation methods. Wang and Huang
utilized satellite data to estimate that the average WEI to the world’s ocean via the SW
was about 60 TW during 1997-2002 [12], which was fundamentally consistent with the
model-simulated results from 2005 (57 TW) and 2003-2007 (68 TW) [11,18].

Climate models enable us to assess the impact of future global climate change on the
WEI input to the ocean surface. Global climate models (GCMs) and regional climate models
(RCMs) have been extensively applied to predict future changes in various meteorological
elements [19-21]. Since the Coupled Model Intercomparison Project Phase 5 (CMIP5), many
studies have used CMIP datasets (e.g., CMIP5 and CMIP6) to analyze and forecast the
spatiotemporal changes in wind speed or wind energy in the future [22-30]. The latest
CMIP6 datasets include more complex processes and higher resolutions of atmospheric and
ocean models than CMIP5 datasets. Many models have achieved bidirectional coupling of
atmospheric and ocean processes [31]. In addition, the Shared Socioeconomic Pathways
(SSPs) in CMIP6 consider the specific social development paths and provide more diversi-
fied emission scenarios, which can offer more reasonable simulation results for mitigation
and adaptation research and regional climate prediction. Based on CMIP6 models, scholars
have predicted the future changes in wind energy, monsoons, precipitation, and other
meteorological elements at the global and regional scales [20,26,27,32-35], mainly focusing
on China [28,33,36], North America, Northern Europe [26,34,37], and other wind energy
hotspots and wind-energy-rich land areas. However, the prediction of wind and wind
energy in the world’s oceans and seas is relatively scarce, mostly in the global [25,38,39],
Caribbean Sea [40], and North Sea [35] regions. The prediction of WEI to the ocean surface is
even rarer. Pourali et al. predicted a 21% to 45% increase in the future wave energy changes
in the Gulf of Oman under the SSP5—8.5 based on CMIP6 CNRM model results [41].

Previous studies have shown that the WEI to the global ocean SWs varies significantly
across regions due to climate change and environmental factors [15,42,43]. The Southern Ocean
has the strongest WEI, followed by the equatorial and western boundary regions of the Indian,
Pacific, and Atlantic Oceans, especially the tropical Pacific region [15,42—47]. Some studies
have focused on the North Atlantic subpolar and North Pacific subtropical regions [45,48,49].
There are relatively fewer studies on the Indian Ocean. In recent years, some scholars have
only analyzed the spatial distribution of WEI to SWs [41,50,51]. Pourali et al. calculated the
wave energy at different locations in the northern part of the Gulf of Oman and found that
the relative enhancement of wave energy was greater in the western part [41]. Hammar et al.
found that the southern part of the Western Indian Ocean has a high wave energy potential,
with the highest wave energy in southern Madagascar [50]. Yang et al. analyzed NIO’s wind
and wave energy resources based on WW3 (a third-generation ocean wave model), and the
results showed that the Somali waters, the Arabian Sea, and the southern NIO have the
most abundant wind and wave energy resources, followed by the La Cardiff Sea, while the
middle of the NIO is relatively poor [51]. However, there are no studies that have used CMIP6
simulations to predict the WEI to the SWs in the Indian Ocean.

In summary, wind power, representing a clean and sustainable source of energy in
the NIO, holds significant potential for meeting global energy needs, reducing carbon
emissions, and fostering sustainable development. However, current research on the WEI
to SWs is severely lacking, particularly regarding predictions utilizing CMIP6 data. As such,
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no relevant studies have thus far been undertaken. Against this backdrop, this research
seeks to assess the impact of future global climate change on the WEI to the ocean SW in
the NIO (40-100° E, 0-30° N) using climate models. The CMIP6 simulation results provide
new opportunities and methods to reveal future changes in WEI input to the SW in NIO.
Accurate prediction and evaluation of the changes in WEI to the SW of the NIO are of
great importance for optimizing energy management, reducing environmental impact, and
promoting sustainable development. Based on these issues, this paper uses ERAS reanalysis
data (1995-2014) and CMIP6 model data to predict and study the spatiotemporal changes
in the WEI to ocean SWs in the NIO under different social scenarios in the 21st century as
well as future projections. The remainder of this paper is structured as follows. Section 2
presents the data and methods used in this work. In Section 3, the projected spatiotemporal
variation of the WEI and its low-frequency variations and trends are analyzed in detail.
Section 4 presents a discussion. Finally, in Section 5, conclusions are drawn.

2. Data and Methods
2.1. CMIP6 and ERA5 Data

This study examines the spatial and temporal variations in the WEI to SWs and the impact
of seasonal changes on WEI estimation under various climate change scenarios. The data used
for this analysis were the monthly surface wind stress (WS) data, sourced from the CMIP6
GCMs [23]. WS data are a direct output of CMIP6, which refers to the force exerted by the
wind on the sea surface, including the two main components of the meridional wind stress
(along the direction of the wind) and the transverse wind stress (perpendicular to the direction
of the wind). The CMIP6 GCMs generally simulate the historical stage from 1850 to 2014.
Due to the limited quality and availability of grid data before the satellite era [52], herein,
the period of 19952014 is considered to keep the period common in terms of the model’s
historical simulation, reanalysis, and observation data sets. This selection aimed to minimize
potential errors. Three distinct climate change scenarios were considered for future simulations:
SSP1-2.6, SSP2—4.5, and SSP5-8.5 [53]. SSP1-2.6 represents a low greenhouse gas emission
scenario, aligning with a sustainable development pathway that will result in a 2.6 Wm™?2
forcing pathway by 2100. SSP2-4.5 represents a medium greenhouse gas emission scenario,
assuming current climate change trends continue, leading to a 4.5 Wm 2 forcing pathway
by 2100. SSP5-8.5 represents a high greenhouse gas emission scenario where no greenhouse
gas reduction policies are implemented, resulting in intensive fossil fuel combustion and an
8.5 Wm 2 forcing pathway by 2100 [54]. For each scenario, two reference periods are considered,
20462065 (mid-term future) and 2080-2099 (long-term future), in this paper. Combined with
the previous research results and limitations [26], initially, we developed an objective evaluation
system to quantitatively assess the capability of CMIP6 GCMs to simulate surface wind stress
characteristics during the historical period, each model’s performance was evaluated using
this system. Following this, a select few models that demonstrated superior performance were
chosen for integration, thereby reducing the models’ systematic bias. This approach helps to
mitigate the variability and uncertainty inherent in individual models, thereby enhancing the
reliability of the results. Subsequently, the integrated wind data from this multi-model ensemble
were utilized to assess future shifts in large-scale wind energy resources in the NIO. Table 1
provides details of the 10 selected CMIP6 GCMs, including the model name, development
organization, model’s spatial resolution, and main references. These models provided future
(mid-term and long-term) predicted data for monthly surface WS under the three climate change
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5).

The availability of observed surface WS data in the NIO is limited and not publicly
accessible. To validate the accuracy of the model, we compared historical data (1995-2014)
from GCMs with ERAS reanalysis data from the European Centre for Medium-Range Weather
Forecasts (ECMWE) [55]. ERA products have traditionally been the official validation database
for the CMIP [56]. Although reanalysis is not purely observational, it is generally considered
to be sufficiently close to observational results and can be used as a reference for climate
research [24,57-59]. The latest fifth-generation reanalysis system, ERA5, offers higher spa-
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tiotemporal resolution and various improvements [55,60]. In this study, we used monthly
mean surface WS data with a resolution of 0.25° x 0.25° and a time span of 1995-2014.

Table 1. Information on the 10 CMIP6 climate models used in this paper.

S/N Model Institute Resolution References
(lon x lat)

Commonwealth Scientific and
! ACCESS6-CM2 Industrial Research Organisation 188 > 1.25 [61,62]

Beijing Climate Center (BCC) and

2 BCC-CSM2-MR China Meteorological 1.13 x 1.13 [63,64]
Administration (CMA)
Euro-Mediterranean Centre on
3 CMCC-CM2-SR5 Climate Change coupled 1.25 x 0.94 [65,66]
climate mode
Geophysical Fluid Dynamics
4 GFDL-ESM4 Laboratory (GFDL) 1.25 x 1.00 [67,68]
5 INM-CM4-8 Institute of Numerical 2,00 % 1.50 [69,70]
Mathematics
6 INM-CMS5-0 Institute of Numerical 2.00 x 150 [71,72]
Mathematics
Institute Pierre-Simon
7 IPSL-CM6A-LR Laplace (IPSL) 2.50 x 1.26 [73,74]
8 MIROC6 Japanese Modeling Community 1.41 x 1.41 [75,76]
9 MPI-ESM1-2-LR Max Planck Institute 1.88 x 1.88 [77,78]
10 MRI-ESM2-0 Meteorological Research 113 x 1.13 [79,80]

Institute (MRI)

2.2. Methodology
2.2.1. Study Domain

In this study, the research domain is the NIO, and the latitude and longitude ranges are
40-100° E, 0-30° N. In order to better compare and analyze the pattern results of ERA5 and
CMIP6, a linear interpolation method was employed to remap the ERA5 data and CMIP6
GCMs data onto a common grid of 2.0° x 2.5° (latitude x longitude). This was necessary
due to the differences in spatial resolution among different GCMs. To obtain more accurate
and reliable results, this study utilized the ensemble mean (EnsMean) of CMIP6 simulations
as defined by Akinsanola and Zhou [81]. Multi-model ensembles have been proven to be
an effective method for minimizing individual model biases and reducing uncertainties,
and they often exhibit better and more reliable results than single models [82,83].

2.2.2. Surface Wave Power

To calculate the wind energy input to the surface waves, several methods are available.
This calculation is primarily influenced by the wind stress, the effective phase velocity of
the surface wave, and the sea condition. Notably, the calculation formulas for different
wave ages vary slightly. Scholars have developed their own empirical formulas based
on experimental results. For this paper, we utilized the calculation formula provided by
Wang and Huang. For more information, please refer to the second chapter of the original
text [12]. The WEI into SWs can be estimated by the following equation [12]:

3
2
Wewave = ij 3.504 (;) dx dy

where Wiya0e represents the WEI into SWs, A is the area of the calculated ocean, p, = 1.2kg/ m3
is the air density, and 7 is the magnitude of surface WS.
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2.2.3. The Annual Mean or Seasonal Mean Wind Energy Input Rate

The annual mean or seasonal mean wind energy input rate be calculated by

— 1wwn
where W is the multi-year annual average or multi-year seasonal average wind energy
input rate, N is the number of years for the sample, and W; is the WEI for the annual mean
or a specific seasonal mean in the ith year.

3. Results
3.1. Evaluation of Historical CMIP6 Runs

The ability of CMIP6 models to simulate sea surface WS can be evaluated by compar-
ing historical simulations with reanalysis data from ERA5. In this study, we present the
spatial distribution of the climatological annual mean and seasonal mean WS (magnitude
and direction) for ERA5 reanalysis data and the EnsMean data of CMIP6 models during
the historical period of 1995-2014, as well as their relative biases (i.e., EnsMean minus
ERAD), as shown in Figure 1. The EnsMean effectively reproduced the spatial distribu-
tion of WS (including speed and direction) observed by ERA5 on annual and seasonal
timescales. Broadly, the climatological annual mean WS was dominated by north-westerly
winds in the NIO, with the maximum value areas located in the eastern waters of So-
malia and the northwestern Arabian Sea, reaching about 0.1 N/m?, and the prevailing
wind directions were north-westerly and westerly (Figure 1a). The NIO is the most sig-
nificant region for monsoons in the global ocean due to its unique geographical location.
The climatological distribution of WS during summer (June—July—August) has the most
significant impact on the annual mean climatological WS, which basically determines
its characteristics of spatial distribution, followed by the northeast monsoon in winter
(December-January—-February), while the impacts of spring (March—-April-May) and au-
tumn (September—October-November) on the annual mean are relatively small. During the
summer season, the southwest monsoon prevails over the NIO, and the region is almost
controlled by the southwest airflow. The great value center is located in most of the eastern
waters of Somalia and the Arabian Peninsula, with a maximum value exceeding 0.2 N/ m?2
(Figure 1j). In winter, the monsoon direction moves away from the Asian continent, and the
NIO is dominated by north-easterly winds. The maximum value areas of WS are mainly
located in the eastern waters of Somalia and the eastern waters of Sri Lanka (Figure 1d),
and their sizes are smaller than in summer, with a maximum of 0.1 N/m?, which is approx-
imately half of that in summer. Spring and autumn are the transition seasons for the NIO
monsoon; the wind is weaker and the direction is unstable (Figure 1g,m). Our findings are
consistent with previous research results [84].

On annual and seasonal timescales, the EnsMean data from CMIP6 (Figure 1b,e,h kn)
can effectively replicate the magnitude and spatial distribution of WS observed in the
ERADJ reanalysis dataset, particularly on an annual timescale (Figure 1c). The annual mean
climatological WS obtained from the EnsMean was in good agreement with most of the
areas in the NIO, especially in the inner area of the NIO, with relative biases of less than
40% (Figure 1c). The EnsMean was able to capture most of the climatological details of
WS observed in ERADS reanalysis (Figure 1c,f,i,1,0), which is consistent with the findings
of Sawadogo et al. [85]. However, there were still significant deviations in certain specific
regions at specific times. For instance, the EnsMean generally overestimated the WS in most
of the coastal areas of the NIO, particularly in winter (Figure 1f), with an overestimation of
10-50% in the western boundary of the NIO, most of the Arabian Sea, and the southern
Bay of Bengal. In the low-latitude areas south of 5° N, the EnsMean underestimated the
WS by approximately 30-50% in spring compared to ERAS5 observations (Figure 1i), and
this underestimation bias further expanded to 50-70% in autumn (Figure 10). Overall, the
EnsMean results can effectively replicate the WS in the NIO and minimize the single-model
bias and uncertainty.
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Figure 1. Spatial distribution of annual and seasonal mean WS during the historical period of 1995-2014.
The ERA5 is shown in (a,d,g,j,m) (unit: N/ mz), the EnsMean is shown in (b,e,h k,n) (unit: N/ mz), and
the relative biases are shown in (c,f,i,1,0) (unit: %).

3.2. Projected Variation in Wind Energy Input to the Sea Surface Waves in the North Indian Ocean

The WEI into the ocean is the crucial energy source for maintaining large-scale surface
circulation and driving deep ocean currents. Among these, the WEI into SWs is the most
significant aspect of WEI into the ocean [12]. This study predicts the spatial and temporal
variations in the WEI to SWs in the NIO for the mid-term future (2046-2065) and long-
term future (2080-2099) at annual and seasonal timescales based on three climate change
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5).

Figure 2 illustrates the spatial distribution of the annual mean climatology (Baseline) of
the WEI into SWs during the period of 1995-2014, and the spatial distribution of the annual
mean WEI variation trend under different scenarios in the future stage. Based on the baseline
data, it can be observed that the areas with the maximum WEI values are mainly located
in the waters surrounding Somali, the Red Sea, the southwestern and eastern coastal areas
of the Arabian Sea, and the northern waters of Sri Lanka, with a maximum value per unit
area reaching up to 0.21 W/m?. Followed by the Persian Gulf, the northern Arabian Sea
and the Bay of Bengal had ranges of 0.04-0.08 W/m?, while the low-latitude waters of the
NIO exhibited relatively smaller values, only 0.01—0.03 W/m?. This distribution pattern is
primarily attributed to the influence of the strong southwest monsoon.



Atmosphere 2024, 15, 139

7 of 18

Baseline

30°N 30°N 30°N

25°NF 19 25°Nf IS 25°Nf V’
20°Np 20°Nf 20°Nf r
15°Np 15S°Np 15°NE
10°Np 10°Nf 10°NF
SN SNF SNF
@ @ s s s f s @ s f s L f "
$0F S°E _6°E 70°E SOE O90CE I0°E  Y0°E _S0°E 6E J0E S°E O0°E I100°E  30°E_S0E G0°E 70°FE S0E O90CE I0°E I0C°E S0°E 60E J0E S°E 90°E 100°E

0 003 006 009 0.12 0.15 0.18 0.21

—-16 —12 -8 -4 0 4 8 12 16 —-16 —12 -8 -4 0 4 8 12 16 —-16 =12 -8 -4 0 4 8 12 16
30"N(d) 30°N <) ?»()“N(ﬂ

25°Np 25°Nf 5'7 25N
20°Nf 20°NF 20°N d

\
15°NF JEBN 3 15°NF

10°Nf 10N
SN s

10°NF
SN

gDE 50°E  60°E  70°E 80°E  90°E 100°E SIOE S50°E  60°E  70°E  80°E  90°E 100°E EROE S0°E 60°E  70°E  80°E  90°E 100°E
—30-24-18—-12—-6 0 6 12 18 24 30 —30-24—-18-12-6 0 6 12 18 24 30 —30-24—18—12—-6 0 6 12 18 24 30

Figure 2. Evolution of WEI to SW in the NIO. The spatial distribution of the annual mean clima-
tological state of WEI (unit: W/ m?) (baseline) during the historical period from 1995 to 2014, and
the expected changes in annual mean WEI compared to the historical period (unit: %) during the
mid-term future period (top panels: (a—c)) and the long-term future period (bottom panels: (d—f))
under the climate change scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.

Based on the findings presented in Figure 2, there are significant regional differences
in the variation trend of WEI to SWs. The most significant increase in WEI was observed
in the Persian Gulf, followed by the Red Sea, the northern and northwestern Arabian Sea,
and the northern Bay of Bengal. Conversely, a significant decrease in WEI was observed in
most of the central and southern parts of the NIO, particularly within the latitude range of
5-10° N. Meanwhile, two distinct low-value centers were observed in the southwestern sea
area of the Indian Peninsula and the southeastern sea area of Sri Lanka. All three climate
change scenarios predicted important changes in WEI to SWs during the mid-term future
(2046-2065) and long-term future (2080-2099). However, the average WEI to SWs did not
exhibit a significant change (less than 16%) compared to the historical period (1995-2014)
during the mid-term future (Figure 2a—). Nevertheless, the magnitude of change is expected
to increase significantly in the long-term future, with WEI in the Persian Gulf projected to
increase by nearly 30%. It is worth noting that variation trends discovered in a specific region
during the mid-term future, whether positive or negative, tend to amplify over the long term.

The predicted changes in WEI to SW exhibited similar spatial distributions under a low-
emission scenario (SSP1-2.6), a medium-emission scenario (55P2-4.5), and a high-emission
scenario (SSP5-8.5), but with a greater magnitude of changes under the high-emission
scenario. As greenhouse gas emissions increase, the center of the maximum decrease in
WEI gradually shifts northeastward, and the range of decrease further expands (Figure 2).
The climate scenario characterized by intensive greenhouse gas emissions (SSP5-8.5) results
in the largest changes in WEI, within a range of —30% to +30% in the long-term future.
Projections under this scenario indicate a widespread decrease of approximately 21% in
WEI over most of the central and southern parts of the NIO, with further reductions of
about 27% in the southwestern waters of the Indian Peninsula and the southern waters
of Sri Lanka. Conversely, certain regions are expected to experience significant increases
in WEI under the same climate scenario (S5SP5—8.5): the Red Sea and the northern Bay of
Bengal (~9%), the northern and northwestern Arabian Sea (>15%), and the Persian Gulf
(up to 30%) (Figure 2f). The predicted changes in WEI under the SSP2—4.5 and SSP1-2.6
scenarios show similar spatial distributions to the SSP5-8.5 scenario, but with relatively
smaller magnitudes of change. Consistent with the SSP5-8.5 scenario, both of these two
scenarios also predict a general decrease in WEI over the central and southern waters of
the NIO, although to a lesser extent.

The NIO is a region with the most prominent monsoons in the global oceans. The wind
direction changes every six months, and the WEI into SWs exhibits significant seasonal
variations under the influence of the monsoon [84]. In winter, the areas with the highest
WEI values are found in the waters surrounding Somalia, the northern waters of Sri Lanka,
and the eastern Bay of Bengal, with maximum values exceeding 0.21 W/m?2. However, in
other areas, the WEI is relatively small, approximately 0.03-0.06 W/m? (Figure 3 baseline).
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Figure 3. Evolution of WEI to SW in the NIO. The spatial distribution of the winter mean clima-
tological state of WEI (unit: W/ m?) (baseline) during the historical period from 1995 to 2014, and
the expected changes in winter mean WEI compared to the historical period (unit: %) during the
mid-term future period (top panels: (a—c)) and the long-term future period (bottom panels: (d—f))
under the climate change scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.

Figure 3 shows that the variation trends of WEI to SWs during winter are significantly
different in spatial distributions from the annual average. Firstly, the sea areas where WEI
increases or decreases differ. Secondly, the centers of high value with linear trend changes
also differ. The WEI to SWs exhibits a decreasing trend in most of the NIO, forming two
great value centers in the northeastern and southwestern Arabian Sea. However, it shows a
slight increasing trend in the Red Sea, the Persian Gulf, the northwestern and southeastern
Bay of Bengal, and the southern waters of the Indian Peninsula. When compared to the
historical period of climatological WEI from 1995 to 2014, the average WEI varies within
the range of —18% to 8% during the mid-term future (2046-2065). Under the SSP1-2.6 and
SSP2-4.5 scenarios, the predicted changes in WEI were generally similar in terms of spatial
distribution and magnitude. However, under the high-emission scenario of SSP5-8.5, there
was a widespread decrease in WEI in the NIO, with a much larger decrease in the Arabian
Sea (14% to 18%) than in the Bay of Bengal (6% to 12%) (Figure 3c).

The variation of WEI will further increase in the range of —32% to 16% in the long-term
future (2080-2099). All three climate change scenarios predict a general decrease in WEI
in the Arabian Sea, with larger change amplitude expected as greenhouse gas emissions
increase. Specifically, the maximum decrease in WEI is estimated to be approximately 32%
under the high-emission scenario of SSP5-8.5 (Figure 3f). In the Bay of Bengal, differences
among the three climate change scenarios were observed. The low emission scenario of
SSP1-2.6 predicted an overall decrease in WEI, while no overall trend was found in the
SSP2-4.5 and SSP5-8.5 scenarios, with increases or decreases in WEI depending on the
specific region considered.

As can be seen from the baseline of Figure 4, the area with the highest WEI during
the spring season extends to the coastal waters of the NIO, but with a slight decrease in
magnitude, reaching a maximum of 0.15 W/m?. In the inner area of the NIO, it is only
0.01-0.03 W/m?.

During the spring season, the WEI to SWs exhibits varying degrees of increase in
the northern and northwestern Arabian Sea, the northern Bay of Bengal, and the Red Sea,
while it shows varying degrees of decrease in most of the central and southern parts of the
NIO. The average WEI varies within a range of £18% in the mid-term future (2046-2065)
compared to the climatological WEI during the historical period of 1995-2014. Regions
with a decreasing trend in WEI have two significant centers: the western waters of the
Indian Peninsula and the 0-5° N waters south of the Bay of Bengal. In the long-term
future (2080-2099), the magnitude of WEI variation will further increase. The maximum
center of the decreasing trend in WEI is located in the 0-5° N region south of the Bay of
Bengal, transitioning from two centers in the mid-term future to one. If measures are not
taken to reduce greenhouse gas emissions (SSP5-8.5 scenario), the increase in WEI in the
northwestern Arabian Sea may reach a maximum of 27%, and the decrease in WEI in the
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low-value center region may be as high as approximately 32% (Figure 4f). The situation
under the SSP2—4.5 scenario is similar to the SSP5—8.5 scenario, but the magnitude of
change is relatively smaller (Figure 4e). Under the SSP1-2.6 scenario, the WEI increases
slightly compared to the historical period in the western and northern Arabian Sea, the
Persian Gulf, and the northern Bay of Bengal, but the change is not significant, mostly
below 12%. The decrease in WEI reaches approximately 16% in the southern Bay of Bengal
and the southern waters of Sri Lanka (Figure 4d).
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Figure 4. Evolution of WEI to SW in the NIO. The spatial distribution of the spring mean clima-
tological state of WEI (unit: W/ m?) (baseline) during the historical period from 1995 to 2014, and
the expected changes in spring mean WEI compared to the historical period (unit: %) during the
mid-term future period (top panels: (a—c)) and the long-term future period (bottom panels: (d—f))
under the climate change scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.

During the summer season, the WEI to SWs is relatively consistent with the spatial
distribution of the annual mean climate state, but the magnitude is much larger. Except for
the southern area, where the WEI is small (about 0.075 W/m?), the WEI in other areas is
particularly large, especially in the waters surrounding Somalia, the western Arabian Sea,
the western coastal waters of the Indian Peninsula, and the northern waters of Sri Lanka,
with the maximum value exceeding 0.6 W/m? (Figure 5 baseline).
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Figure 5. Evolution of WEI to SW in the NIO. The spatial distribution of the summer mean clima-
tological state of WEI (unit: W/ m?) (Baseline) during the historical period from 1995 to 2014, and
the expected changes in summer mean WEI compared to the historical period (unit: %) during the
mid-term future period (top panels: (a—c)) and the long-term future period (bottom panels: (d—f))
under the climate change scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.

Based on the findings presented in Figure 5, a significant increasing trend in WEI to
SW can be observed in the Persian Gulf. This is followed by the Red Sea, the northern and
northwestern Arabian Sea, and the northern Bay of Bengal. Conversely, varying degrees of
decreasing trends in WEI can be seen in most of the central and southern parts of the NIO.
The predicted changes in WEI during the summer season are basically consistent in spatial
distribution with the predicted changes throughout the year, indicating that the WEI into
SWs is primarily driven by the summer southwest monsoon.
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Baseline

In comparison to the climatological WEI from 1995-2014, there is a significant variation
in WEI to SW during the summer season. It is anticipated that the average WEI will fluctuate
within a range of +30% in the mid-term future (2046-2065), while this variation range is
expected to increase to £40% in the long-term future (2080-2099). Under the high emission
scenario of SSP5—8.5, the WEI to SW is expected to decrease by approximately 20-30% in
the central and southern parts of the NIO. Additionally, there will be further reductions
of around 40% in the southwestern waters of the Indian Peninsula and the eastern waters
of Sri Lanka. Conversely, an increase in WEI to SW is predicted in the northern Bay of
Bengal (10%), the northern and northwestern Arabian Sea (10-25%), and the Persian Gulf
(up to 40%) (Figure 5f). Under the moderate emission scenario of SSP2-4.5, the spatial
distribution of WEI changes is similar to the SSP5—8.5 scenario, but with relatively lower
magnitudes (Figure 5e). Under the low emission scenario of SSP1-2.6, there is a slight
decrease in WEI in most of the southern waters of the NIO, with a decrease of no more than
10%. However, there is an increasing trend in WEI in the northern waters of the NIO, with
an increase of approximately 5-10%, and a significant increase of about 20% in the Persian
Gulf (Figure 5d).

The WEI is relatively small in autumn, and the areas with the highest values are
mainly located in the waters surrounding Somalia, the northern waters of Sri Lanka, and
the eastern Bay of Bengal, with maximum values of 0.15 W/m? per unit area. These are
followed by the western Arabian Sea, the western coastal waters of the Indian Peninsula,
and the western Bay of Bengal, with ranges of 0.06-0.09 W/m?, while in other areas, the
input values are small, not exceeding 0.03 W/ m? (Figure 6 baseline).
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Figure 6. Evolution of WEI to SWs in the NIO. The spatial distribution of the autumn mean clima-
tological state of WEI (unit: W/ m?) (baseline) during the historical period from 1995 to 2014, and
the expected changes in autumn mean WEI compared to the historical period (unit: %) during the
mid-term future period (top panels: (a—c)) and the long-term future period (bottom panels: (d—f))
under the climate change scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.

During the autumn season, the WEI into SWs exhibits varying degrees of increase
in the Persian Gulf, the northern and northwestern Arabian Sea, and the northern Bay
of Bengal, while it shows varying degrees of decrease in the southern part of the NIO.
Furthermore, the trends observed in the medium-term future, whether positive or negative,
are expected to amplify in the long-term future (Figure 6). The low-emission scenario of
SSP1-2.6 predicts an increase in WEI in the central and northern parts of the NIO, and
the increase in the Bay of Bengal (8%~16%) is expected to be much greater than that in
the Arabian Sea (~8%). However, the WEI is expected to decrease in the Red Sea and
most areas of the southern part of the NIO, with a decrease of approximately 8% to 16%
(Figure 6d). Under the SSP2—4.5 scenario, the areas exhibiting decreasing trends in WEI
expand northward, with a further increase in the magnitude of the decrease (Figure 6e).
Under the high-emission scenario of SSP5-8.5, the spatial distribution of WEI changes
is similar to that of the SSP2—4.5 scenario, but with larger magnitudes of change. The
significant increase in WEI is approximately 20% in the northwestern Arabian Sea and the
northern Bay of Bengal, and further increases to 32% in the Persian Gulf. Conversely, the
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decrease in WEI ranges from approximately 16% to 28% in most parts of the southern parts
of the NIO (Figure 6f).

3.3. Low-Frequency Variations and Trends in Energy Input of Wind Stress Direction Surface
Waves under Different Scenarios

In this study, we computed the time series of integrated WEI to SWs over the entire
NIO under different scenarios based on EnsMean data from CMIP6. The bootstrap test was
used to analyze the trend of the WEI to SW, and the significance level was also set at 5%.
The annual mean (Figure 7) and seasonal mean (Figures 8-11) time series were calculated.
The annual mean WEI to SWs exhibited significant interannual and long-term trends under
different scenarios during the period from 2015 to 2099 (Figure 7). Under the low-emission
scenario of SSP1—-2.6, the WEI into SW showed significant interannual variations and an
increasing trend. The annual variation amplitude was about 30 GW, and the increasing
trend was about 0.3 GW/y. Under the medium-emission scenario of SSP2—4.5 and the
high-emission scenario of SSP5-8.5, the interannual variation amplitudes of WEI were
basically similar to that in the SSP1-2.6 scenario, but there was a significant decreasing
trend in the variation trend. With the increase in emission concentration, the decreasing
trend grew greater, with decreasing trends of —0.1 GW/y and —0.3 GW /y, respectively.
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Figure 7. The annual mean time series of the integrated wind stress input to surface waves over the
North Indian Ocean under SSP1-2.6 (blue line), SSP2—4.5 (red line), and SSP5-8.5 (green line), with
the long-term trends.
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Figure 8. The winter mean time series of the integrated wind stress input to surface waves over the
North Indian Ocean under SSP1-2.6 (blue line), SSP2-4.5 (red line), and SSP5-8.5 (purple line), with
the long-term trends.
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Figure 9. The spring mean time series of the integrated wind stress input to surface waves over the
North Indian Ocean under SSP1-2.6 (blue line), SSP2—4.5 (red line), and SSP5-8.5 (green line), with
the long-term trends.
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Figure 10. The summer mean time series of the integrated wind stress input to surface waves over
the North Indian Ocean under SSP1-2.6 (blue line), SSP2-4.5 (brown line), and SSP5-8.5 (purple line),
with the long-term trends.
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Figure 11. The autumn mean time series of the integrated wind stress input to surface waves over
the North Indian Ocean under SSP1-2.6 (blue line), SSP2-4.5 (red line), and SSP5-8.5 (green line),
with the long-term trends.
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From 2015 to 2099, the seasonal mean WEI into SWs also displays notable interannual
and long-term trends under different scenarios (Figures 8-11). During the winter season,
the amplitude of interannual variation in WEI into SWs is relatively consistent among low-
emission scenarios (SSP1-2.6), medium-emission scenarios (5SP2—4.5), and high-emission
scenarios (SSP5-8.5), with an annual variation amplitude of approximately 50 GW (Figure 8).
Across the three climate change scenarios, the average WEI into SW exhibits a decreasing
trend, with the magnitude of the decline increasing with the concentration of emissions,
namely, —0.3 GW/y, —0.6 GW/y, and —1.3 GW/y, respectively.

During the spring season, the average WEI to SWs in the NIO exhibits significant inter-
annual variations under different scenarios (Figure 9). The interannual variation amplitude
is approximately 50 GW. In contrast to the long-term trend predicted for the winter season,
the average WEI to SW shows an overall increasing trend under different scenarios during
the spring season (Figure 9). The increasing trend of WEI is approximately 0.3 GW/y under
the low-emission scenario of SSP1—2.6. For the medium-emission scenario of SSP2—4.5, the
increasing trend of WEI is slightly reduced compared to the low-emission scenario of SSP1-2.6,
at approximately 0.2 GW/y. For the high-emission scenario of SSP5-8.5, the increasing trend
is the highest, at approximately 0.5 GW/y. The magnitude of the WEI into SW is relatively
small during the spring season, ranging from 0.46 to 0.61 TW, which is approximately half of
the annual average. Therefore, it has a relatively small impact on the annual time series.

The average WEI to SWs displays notable interannual and long-term trends under
various scenarios during the summer season of 2015-2099 (Figure 10). The long-term trends
are consistent with those observed on an annual timescale. In the low-emission scenario of
SSP1-2.6, the WEI into SWs exhibits significant interannual variation and an increasing trend.
The annual amplitude is approximately 90 GW, and the increasing trend is about 1.0 GW /y.
In the moderate-emission scenario of SSP2—4.5 and the high-emission scenario of SSP5—8.5,
the interannual variation amplitude of WEI is similar to that in the low-emission scenario of
SSP1-2.6. However, it shows a significant decreasing variation trend, which increases with
the increase in emission concentration, at —0.3 GW/y and —0.5 GW/y, respectively. The WEI
into SW during the summer season is substantial, accounting for about 60% to 70% of the total
WEI throughout the year. Therefore, the variation in and trend of WEI during the summer
season directly affect the annual average time series of WEL

During the autumn season, the average WEI to SW in the NIO exhibits significant
interannual variation under three different climate change scenarios, with a consistent
magnitude of approximately 50 GW (Figure 11). However, the long-term trends of WEI are
not significant and remain relatively stable over time.

4. Discussion

In this study, we utilized the latest CMIP6 model data to predict changes in WEI to
SWs in the NIO. While previous research has delved into the transformation of WEI to SWs,
these studies have predominantly focused on a global scale. The uneven distribution of
WEI areas and the relatively coarse resolution of the utilized data have resulted in a lack of
detailed information specific to the NIO. Although Hammer et al. [50] and Yang et al. [51]
have examined the WEI in the Indian Ocean, their analyses have been limited to the spatial
distribution characteristics of wind stress input into wave energy. Furthermore, no prior
studies have explored the temporal variations and future predictions of WEI in this region.
As such, this study employs the latest ERA5 reanalysis data and CMIP6 model data to
forecast the spatiotemporal variations and long-term trends of WEI in the NIO.

Despite the novelty and timeliness of this research, reducing uncertainties in projec-
tions due to model bias could greatly benefit future studies. Model biases may impact the
accuracy of prediction results to a certain degree, particularly in regions where WS data
validation in historical periods yields poor results. However, it is important to note that this
does not imply that the entire model has not been validated. The climate is a multifactorial,
multiscale, and nonlinear system, making the simulation of its changes a highly challeng-
ing task. Ensemble models, developed based on a comprehensive understanding and
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modeling of the physical and dynamic processes within the climate system, are executed
and optimized using extensive data and computational resources. While the prediction
results of ensemble models may not be absolutely accurate, they typically provide valuable
information about climate trends, variability, and other key factors. Therefore, ensemble
models can still yield valuable prediction outcomes.

Additionally, the temporal, seasonal, and geographical changes in atmospheric param-
eters, such as air density, may introduce some uncertainties in the prediction results [86].
In future research, we aim to obtain more accurate results by combining observations and
model results in response to the aforementioned issues.

5. Summary

The main objective of this study is to examine the influence of monsoon activity and
climate change scenarios on the WEI to SW in the NIO. Using the latest CMIP6 model’s
EnsMean data, this study explored the spatial and temporal variation of the WEI to the SW in
the NIO under three different climate change scenarios for the mid-term future (2046-2065)
and the long-term future (2080-2099). The results showed that the spatial distribution of
predicted changes in WEI into the SW was generally consistent across the scenarios. Most
of the central and southern parts of the NIO experienced a widespread decreasing trend
in WEI, with the largest decline occurring in the 5° N-10° N areas. In contrast, the Red
Sea, the Persian Gulf, the northern and northwestern Arabian Sea, and the northern Bay of
Bengal showed varying degrees of increasing trends in WEL The WEI changes relative to
the historical period were relatively small under the low-emission scenario of SSP1-2.6 and
the medium-emission scenario of SSP2—4.5, while the high-emission scenario of SSP5-8.5
predicted the most drastic changes in WEL Moreover, the predicted changes of WEI into the
SW exhibited strong temporal variability. As the prediction time increased, the regions with
decreasing trends in WEI expanded, while the regions with increasing trends contracted. The
magnitude of WEI changes in the long-term future (2080-2099) also increased compared to
the mid-term future (2046-2065).

The trend of WEI to SW shows significant seasonal variations, with the largest changes
observed during the summer season, while relatively weaker variations are observed in
other seasons. This phenomenon can be attributed to the dominant monsoon activity
in the NIO, which is the most significant region for monsoon activity among the global
oceans. The northeast monsoons prevail during winter, while the southwest monsoons
prevail during summer, exerting a significant influence on the WEI to SWs in the NIO.
Furthermore, the southwest summer monsoons in the NIO have significantly weakened
under the backdrop of climate warming.

The WEI to SWs exhibits significant interannual variability and long-term trends under
different climate change scenarios. Under the SSP1-2.6 sustainable development scenario,
the WEI to SW shows a significant increasing trend of 0.3% per decade, which is a positive
signal. However, under the SSP2-4.5 and SSP5-8.5 scenarios, the predicted WEI shows
decreasing trends of —0.1% and —0.3% per decade, respectively, with the latter showing
a more significant decline. The WEI to SWs also exhibits significant seasonal variability,
with the highest input occurring in summer, followed by winter. Spring and autumn are
the transition seasons of the NIO monsoon, with relatively weak wind and unstable wind
direction, resulting in a smaller contribution to WEI This study reveals the spatiotemporal
patterns and mechanisms of WEI to SWs in the NIO, and provides useful information for
ocean and climate modeling.

In summary, the novelty of this study lies in its use of the latest CMIP6 model’s
EnsMean data, an advanced climate model that can more accurately predict future climate
changes. Not only does this study consider the impact of climate change on the WEI to
SWs in the NIO, but it also takes seasonal variations and monsoon activity into account,
representing a novel research approach. Its future applicability lies in its provision of useful
information for ocean and climate modeling and its predictions of future climate changes.
These findings are of significant importance to scientists.
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