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Abstract Short-term forecasts of wave energy play a key role in the daily operation, maintenance planning, and electrical grid
operation of power farms. In this study, we propose a short-term wave energy forecast scheme and use the North Indian Ocean
(NIO) as a case study. Compared with the traditional forecast scheme, our proposed scheme considers more forecast elements. In
addition to the traditional short-term forecast factors related to wave energy (wave power, significant wave height (SWH), wave
period), our scheme emphasizes the forecast of a series of key factors that are closely related to the effectiveness of the energy
output, capture efficiency, and conversion efficiency. These factors include the available rate, total storage, effective storage, co-
occurrence of wave power-wave direction, co-occurrence of the SWH-wave period, and the wave energy at key points. In the re-
gional nesting of numerical simulations of wave energy in the NIO, the selection of the southern boundary is found to have a sig-
nificant impact on the simulation precision, especially during periods of strong swell processes of the South Indian Ocean (SIO)
westerly. During tropical cyclone “VARDAH’ in the NIO, as compared with the simulation precision obtained with no expansion
of the southern boundary (scheme-1), when the southern boundary is extended to the tropical SIO (scheme-2), the improvement in
simulation precision is significant, with an obvious increase in the correlation coefficient and decrease in error. In addition, the
improvement is much more significant when the southern boundary extends to the SIO westerly (scheme-3). In the case of strong

swell processes generated by the SIO westerly, the improvement obtained by scheme-3 is even more significant.
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1 Introduction

The rational evaluation and utilization of wave energy
resources will positively contribute to easing the energy

crisis (Esteban et al., 2019; Rodriguez-Delgado et al., 2019).

Akpinar and Komiircii (2013) performed an in-depth nu-
merical simulation analysis with high temporal-spatial
resolution on the wave energy of the Black Sea using the
Simulating WAves Nearshore (SWAN) wave model. The
southwest coasts of the Black Sea were found to be the
best for installing a wave farm. In 2017, Akpinar et al.
(2017) presented a long-term analysis of wave energy in
the Black Sea based on a 31-year hindcast. Their results
indicated that areas with the highest wave energy are in
the southwestern part of the Black Sea, i.e., the Burgas-
Rezovo area (43.9MWhm"), followed by the Dolni Chi-
flik-Shkorpilovtsi (37.3MWhm™") and the Istanbul-Alacali
(36.1MWhm") regions. Akpinar and Bingélbali (2016)
and Akpinar and Ponce de Leon (2016) also conducted re-
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search on wind and wave conditions, which can be used
as reference for ensuring environmental security for wave
energy development. Kamranzad et al. (2015, 2016) used
two 30-year SWAN wave models to pioneer the evalua-
tion of wave energy in the Gulf of Oman and Persian Gulf,
which filled a research gap in this area. Relatively stable
wave conditions were found in this region. Liang et al.
(2013) and Yan et al. (2019) provided an important and
detailed reference regarding wave energy utilization in the
seas around China. In addition, a relative energy-rich area
was identified in the South China Sea (SCS). Rusu ef al.
(2018) and Rusu (2019) jointly evaluated the wave and
wind energies in the Black Sea, and found the Romanian
coast and parts north to the coastal area of the Ukraine
(up to Odessa) to be suitable for combined wind-wave
exploitation. Iglesias and Carballo (2010a, 2010b, 2011a,
2011b) and Khojasteh et al. (2018) provided an in-depth
and thorough overview of the wave energy status in Spain
and Asia, which filled a knowledge gap in this region.
Researchers have made significant analyses of the climatic
characteristics of wave energy, which provide reference
for the site selection and long-term planning of wave en-
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ergy projects, such as wave power generation and sea-
water desalination. However, research on the short-term
forecasting of wave energy is relatively scant (Widén et al.,
2015), and is urgently required for the effective daily op-
eration of wave energy projects. As with wind and solar
energy, 1-72-hour energy forecasting can help ensure the
continuity of the business operation of power systems (e.g.,
unit scheduling, power trading), and 3—7-day energy fore-
casts can provide data for the maintenance planning of
power farms and electrical grids (Foley et al., 2012; Méri-
gaud et al., 2017).

Bedard (2009) used the WW3 numerical wave model
to forecast short-term wave energy, and obtained a good
result with a precision of 0.30—0.35m for the significant
wave height (SWH) and 1.4—1.5s for the wave period.
Pinson et al. (2012) used a log-normal assumption to fore-
cast wave power for 13 locations in North America and
obtained good results. Hadadpour ef al. (2013) used an
artificial neural network to forecast wave energy, and
obtained good agreement between the forecasted and ob-
served values. Berastegi et al. (2015b) produced a wave-
power forecast at three coastal buoys in Spain, which made
a significant contribution to the efficient development of
grid management strategies. Reikard (2009) conducted
two experiments in wave energy forecasting for three sites
in the Pacific Northwest, and the results revealed that time-
series models forecast more accurately over short hori-
zons, but the degree of error increases rapidly with exten-
sions of the horizon. Reikard et al. (2015a) also presented
wave energy forecasts for a series of locations in western
Canada, the Atlantic and Pacific Oceans, and the Gulf of
Mexico and achieved good results. All the above works
have made positive contributions based on the inherent
predictability of wave energy.

Significant contributions to the short-term forecasting
of wave energy have been made in a number of studies
(Jeon and Taylor, 2016; Gordon et al., 2017). Overall, the
traditional wave energy forecast scheme has mainly fo-
cused on wave power, SWH, and wave period, and a
range of other key factors have been typically neglected.
These factors include the effective wave height occur-
rence (EWHO), co-occurrence of wave power-direction,
co-occurrence of SWH-wave period, and energy storage,
which are closely related to effective energy output, cap-
ture efficiency, and conversion efficiency. This study pro-
poses a wave-energy short-term forecast scheme that fully
considers the above key indicators.

2 Data and Methods
2.1 Methodology

As a case study for our proposed wave-energy short-
term forecast scheme, we used the NIO and obtained rich
forecast factors. Although the traditional forecast scheme
for wave energy mainly focuses on the SWH, wave pe-
riod, and wave power, in the actual utilization of wave
energy, the EWHO reflects the availability of energy. A
series of key factors closely related to the capture effi-
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ciency and conversion efficiency are analyzed in the study
of the climatic characteristics of wave energy, but these
are omitted in short-term forecasts. For example, the co-
occurrence of wave power-wave direction is closely re-
lated to the capture efficiency, the co-occurrence of SWH-
wave period is a good reflection of the sea conditions, and
the short-term energy storage reflects the energy output
over the next several days. Therefore, in wave energy
forecasts, these key indicators must be fully considered.
Numerical simulation is an effective way to forecast wave
energy. In the simulation of regional waves, the regional
nesting method is usually adopted, with better simulation
results achieved when using an extended area, which pro-
vides boundary conditions for the focus area. However,
the proper selection of the extended area is difficult. The
underlying principle is to minimize the extended area as
much as possible to improve the calculation efficiency of
the wave model and ensure simulation accuracy at the
same time. In this study, we developed a rational method
for selecting the extended area for wave-energy numerical
forecasting in the SCS and North Indian Ocean (NIO),
whereby different boundary conditions are compared us-
ing the WW3 numerical wave model (Ardhuin ef al., 2003,
2009; Ardhuin and Magne, 2007; Resio and Perrie, 2008;
Tolman, 2009, 2011, 2013). As the northern, eastern, and
western boundaries of the focus area (SCS and NIO, 30°—
130°E, 15°-30°N) are mainly land, this study primarily
compares and analyzes the effects of different southern
boundaries on the numerical simulation of wave energy.
Three simulation schemes are designed: no expansion of
the southern boundary (scheme-1), expansion of the south-
ern boundary to the tropical waters of the SIO (scheme-2),
and expansion of the southern boundary to encompass the
SIO westerly (scheme-3), as shown in Fig.1.
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Fig.1 South boundary of the three simulation schemes.

Two periods were selected for study: On December 7—
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12, 2016, tropical cyclone “VARDAH’ occurred in the Bay
of Bengal, and in mid-September 2013, a strong swell
process occurred in the SIO westerly, which may have
affected the NIO. The precision of the simulated data is
verified by comparing it with satellite and buoy data. Then,
the accuracy of the three schemes are compared and ana-
lyzed. Lastly, the simulated wave data with greatest pre-
cision among the three schemes are selected to forecast
the wave energy.

2.2 Data

Wind data: The ERA-Interim wind data held at the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) is used to drive the WW3 model. The produc-
tion of ERA-Interim follows the ERA-40 reanalysis (Caires
and Sterl, 2005; Semedo et al., 2011), and represents a
significant improvement in the assimilation method used
and the application of observation data. The temporal
resolution of the data is 6-hourly, and the spatial resolu-
tion used in this study is 0.125°x0.125°. The time period
ranges from January 1979 to the present. The spatial range
is 90°S—90°N and 180°W-180°E. Comparisons of the
ERA-Interim wind dataset with observation data has shown
it to have high precision (Song ef al., 2005; Bao and Zhang,
2013; Ma and Bian, 2014; Zheng and Li, 2017b; Alves,
2006; Bhowmick et al., 2011). This dataset is available at
http://data-portal.ecmwf.int/data/d/interim_daily/.

Observed wave data: Wave data obtained from both
satellite and buoys are used to verify the precision of the
proposed wave simulation schemes. The SWH obtained
from Jason-2 (SWH-Jason-2) is used to verify the preci-
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sion of the simulated wave data obtained during cyclone
‘VARDAH’. With the development of marine remote-
sensing technology, the SWHs obtained by the inversion
of satellite data have been close to those obtained by buoy
observations (Qi ef al., 2003; Liu, 2005; Zhou et al., 2007,
Zheng and Li, 2011; Zhou and Yang, 2008). The Jason-2
satellite data is available at http://topex-www.jpl.nasa.gov/
mission/jason-1.html. Buoy data is used to verify the pre-
cision of the simulated wave data during the strong swell
process that occurred in the SIO westerly in mid-Sep-
tember 2013. The buoy data used in this study was ob-
tained in Sri Lanka (Luo and Zhu, 2018), where wave and
water levels were measured for one year from April 2013
to April 2014 by a self-contained wave buoy at a depth of
10m and at water level.

3 Comparison of Precision of
the Three Schemes

3.1 Validation of Simulations During a Tropical
Cyclone

The SWHs simulated by the three schemes during
tropical cyclone “VARDAH’ are individually interpolated
with the satellite orbit. The simulation accuracies of the
three schemes are then compared. To determine regional
differences in the simulation precision, the accuracies of
the simulated wave data in the Arabian Sea, the Bay of
Bengal, and the SCS are calculated separately. Fig.2 shows
a quantile-quantile (QQ) plot of the simulated and ob-
served SWHs.
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Fig.2 Quantile-quantile plots comparing simulated SWH and observed SWH derived from Jason-2 for scheme-1,
scheme-2, and scheme-3 in the Arabian Sea (a), Bay of Bengal (b), and South China Sea (c).

From the QQ plot, we can see that the three schemes
are generally effective in simulating wave behavior in the
Arabian Sea, the Bay of Bengal, and the SCS. As the SCS
is a relatively closed sea area, variations in its southern
boundary have no significant impact on the simulation
results. As such, the three simulation schemes have simi-
lar accuracy in the SCS. However, different southern
boundaries have a significant impact on the wave simula-
tion of the NIO, with the simulation accuracy of scheme-2
being better than that of scheme-1, and scheme-3 being
the best. A previous study showed that the swell triggered
by the SIO westerly has a significant impact on the NIO

(Bhowmick et al., 2011). The southern boundary of sche-
me-2 is more southward than that of scheme-1, which
makes it conducive to taking into account the swell of the
SIO. Scheme-3 covers the entire Indian Ocean, including
the SIO westerly. As such, scheme-3 can more thoroughly
consider the swell of the SIO than scheme-2, which
means the accuracy of the simulation wave data it obtains
is higher.

To quantitatively determine the accuracy of the simu-
lated wave data, we also calculate the correlation coeffi-
cient (CC), root mean square error (RMSE), bias, mean
absolute error (MAE), and normalized root mean square
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error (NRMSE), as shown in Table 1. The simulated SWH
values obtained by the three schemes show an overall
high correlation with the SWH-Jason-2 in the Arabian
Sea, the Bay of Bengal, and the SCS, with a CC greater
than 0.8. The bias and MAE are less than 0.3 m, the
NRMSE and RMSE are less than 0.4m, and the scatter
index is less than 0.3. Overall, the WW3 model is better
able to simulate the waves in the SCS than in the NIO. In
the SCS, the errors in the wave data obtained by the three
schemes are similar. In the Arabian Sea and the Bay of
Bengal, the degree of error obtained by scheme-2 is
smaller than that of scheme-1, and that of scheme-3 is the
smallest. Bedard (2009) used WW3 for the short-term

forecasting of a wave power plant in northern California.
Compared with those simulation results, the mean abso-
lute accuracy of the simulated SWH in this study (0.30—
0.35m) shows an improvement.

In addition, we also quantitatively calculate the degree
of improvement in accuracy for scheme-2 and scheme-3,
as compared with scheme-1. Taking the CC of scheme-2
(CC2) in the Arabian Sea as an example, (CC2—-CC1)/CCl1
represents an improvement of CC2, as shown in Table 2.
Compared with those of scheme-1 and scheme-2, the im-
provement in the precision of scheme-3 is obvious in the
NIO, especially in the Bay of Bengal (with an increase in
CC and decreases in bias, MAE, RMSE, and NRMSE).

Table 1 Precision of the wave simulation schemes during tropical cyclone ‘VARDAH’

. Arabian Sea Bay of Bengal South China Sea
actor
Scheme-1 Scheme-2  Scheme-3 Scheme-1 Scheme-2  Scheme-3 Scheme-1 Scheme-2  Scheme-3

CC 0.8474 0.8873 0.8909 0.7824 0.8534 0.8588 0.9507 0.9421 0.9464
Bias 0.2369 0.2105 0.1927 0.316 0.2134 0.1953 0.1794 0.1875 0.1809
MAE 0.2715 0.2456 0.2317 0.4247 0.3259 0.3151 0.2688 0.2777 0.2712
RMSE 0.3487 0.3087 0.2947 0.5372 0.4115 0.3993 0.382 0.406 0.3898
NRMSE 0.4526 0.3731 0.3416 0.3261 0.2349 0.2252 0.2574 0.2651 0.2529

Table 2 Improvement in accuracy of scheme-2 and scheme-3, as compared with scheme-1, during tropical cyclone
‘VARDAH’ (unit: %)

Arabian Sea

Bay of Bengal

Factor Scheme-2 compared Scheme-3 compared Scheme-2 compared Scheme-3 compared
with scheme-1 with scheme-1 with scheme-1 with scheme-1

CC 5 5 9 10

Bias —-11 -19 -32 —38

MAE -10 -15 -23 -26

RMSE -11 -15 -23 -26

NRMSE —18 -25 -28 -31

3.2 Simulation Validation During a Strong
Swell Process

The simulated SWH during a strong swell process (mid-
September 2013) obtained by the three schemes is veri-
fied by comparison with the buoy data, as shown in Fig.3.
As a whole, the simulated SWH obtained from scheme-3
agrees well with the observed SWH. The precisions of
scheme-1 and scheme-2 are much lower than that of
scheme-3. For September 12, 2013, in particular, a strong
wave process is observable in both buoy data and the
SWH obtained from scheme-3, whereas this strong wave
process is not well exhibited by scheme-1 or scheme-2.

To quantitatively determine the precision of the simu-
lated wave data, we calculated the CC, RMSE, bias, MAE,
and NRMSE values of the buoy and simulation data, which
are presented in Table 3. The CC values of scheme-2 and
scheme-3 are 0.725 and 0.869, respectively, which are
obviously higher than that of scheme-1 (0.630). Regard-
ing the bias, the simulated SWHs obtained by scheme-1
and scheme-2 are smaller than that of the buoy data. The
bias of scheme-3 is the smallest, which means that a
similar average value was obtained by the buoy data and
the wave data from scheme-3. The MAE, RMSE, and
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NRMSE values of scheme-2 are much smaller than those
of scheme-1. The MAE, RMSE, and NRMSE values of
scheme-3 are the smallest. Table 4 lists the obviously better
precision of scheme-2 and scheme-3 as compared with
that of scheme-1.
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Fig.3 Comparison of quantile-quantile plots for buoy ob-
servation SWH and simulated SWH obtained by scheme-1,
scheme-2, and scheme-3 during a strong swell process in
mid-September 2013.
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Table 3 Precision of wave data obtained by the three
schemes for a strong swell process
in mid-September 2013

Factor Scheme 1 Scheme 2 Scheme 3
CcC 0.630 0.725 0.869
Bias -0.607 -0.359 —0.060
MAE 0.607 0.364 0.121
RMSE 0.657 0.408 0.152
NRMSE 0.397 0.246 0.092

Table 4 Accuracy improvements of scheme-2 and scheme-3
as compared with scheme-1 for a strong swell process
in mid-September 2013 (unit: %)

Scheme-2 compared Scheme-3 compared

Factor with scheme-1 with scheme-1
CcC 15 38

Bias —41 -90
MAE —40 -80
RMSE —38 =77
NRMSE —38 =77

4 Short-Term Forecasting of
Wave Energy

Based on the above analysis, it is evident that the accu-
racy of scheme-3 is the best. Therefore, the subsequent
analysis is based on the simulated wave data of scheme-3.
As the boundary condition for the SCS in this study does
not cover the effect of swells propagating from the Pacific,
we mainly examine the short-term forecasts of wave en-
ergy for the NIO. The forecast parameters include a com-
prehensive range of key factors that are closely related to
the effective energy output, capture efficiency, and conver-
sion efficiency: wave power, SWH, wave period, EWHO,
weekly total storage, weekly effective storage, co-occur-
rence of wave power-wave direction, and co-occurrence of
SWH-wave period.

4.1 Method for Calculating Wave Power

The wave power calculation method is as follows (Cor-
nett, 2008; Iglesias and Carballo, 2009; Vosough, 2011;
Wan et al., 2015, 2016):

In shallow water (d/4<1/20),

B=18H} ed ()
In deep water (d/1>1/2),
g
P,=L2HlT,=0.49H]T,; o)
64n - ’

In water of medium depth (1/20<d/A<1/2),

— T, 1 2kd
P =E(=<tanhkd)[-(1+——)] . 3
W=k 2n )[2( sinh 2kd)] @)
P, is the wave power (kWm "), H, is the SWH (m), 7, is
the energy period (s), d is the water depth (m), k=2n/4, and
A is the wave length (m).

4.2 Regional Forecasting of Wave Energy
4.2.1 Significant wave height and wave period

Based on the hindcast wave data from scheme-3, Fig.4
presents the SWH and wave period during tropical cy-
clone “VARDAH’. During this period, the SWH and wave
period in the Bay of Bengal are larger than those in the
Arabian Sea overall. In the Bay of Bengal, the cyclonic
characteristics are well reflected by the SWH.

For December 8 to 12 in the Arabian Sea, the SWH and
wave period are less than 1.0m and less than 5s, respec-
tively, due to the absence of any typical weather phe-
nomenon. For December 8, the SWH in most of the Bay
of Bengal is higher than 1.6 m, and in the large center it is
higher than 4.0m (a small circular area to the west of the
Andaman Islands). The wave period is 6—8s, with a spa-
tial distribution of larger wave periods in the northwest
and smaller wave periods in the southeast. For December
9, with increased cyclone intensity, the range of the SWH
area expands significantly to greater than 4.0m. The wave
period remains 6—8s in most of the Bay of Bengal, with a
relatively small region located to the northeast of the An-
daman Islands. For December 10, the range of the SWH
area greater than 4.0 m reaches its peak value. More than
half of the Bay of Bengal and a large region in southeast
Sri Lanka have an SWH higher than 4.4 m. The large
wave period region moves offshore of the eastern Indian
Peninsula and eastern Sri Lanka. For December 11 to 12,
as the tropical cyclone makes landfall, the SWH decreases
rapidly to less than 2.0 m in most regions, with the wave
period offshore smaller than that nearshore.

4.2.2 Wave power

Based on the hindcast data, we obtained the hourly
wave power for the tropical cyclone “VARDAH’ period,
as shown in Fig.5. For easy observation, the background
color indicates the wave power, and the unit vector arrow
the wave direction (same as below).

At 00:00 on December 8 in the Bay of Bengal, ‘VARD-
AH’ is in the development stage, with the wave power in
most of the Bay of Bengal greater than 10kWm ', and in
the large center it is greater than 40kW m™'. The wave
power in the Arabian Sea and tropical Indian Ocean is
less than 5kWm ', At 00:00 on December 9, with the de-
velopment of “VARDAH’, the wave power in a large range
of the middle of the Bay of Bengal is greater than 30kW
m ', and ranges up to 70kWm " in the large center. The
wave power in the Arabian Sea and tropical Indian Ocean
is less than 5kWm™'. At 00:00 on December 10, the wave
power range is 10-30kWm™' in most of the Bay of Ben-
gal and less than SkWm™' in the Arabian Sea. We note
that the wave power increases in the tropical SIO, with
some areas reaching 5-10kWm ', At 00:00 on December
11, the wave power in the Arabian Sea is less than SkW
m ', and that in the tropical SIO continues to strengthen.
At 00:00 on December 12, with “VARDAH’ landing on
the Indian Peninsula, the wave power in the Bay of Ben-
gal decreases significantly, with the majority of the region
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at 5-10kWm™'. The wave power in the Arabian Sea is less
than 5kWm™'. We note that the wave power in the tropi-
cal SIO continues to increase to approximately 30kWm
at around 15°S, but decreases with increasing latitude,
with the isoline curving to the north. It is clear that this is
due to the swell propagating from the SIO to the NIO.

4.2.3 Available rate

Usually, when the SWH is higher than 1.3 m, its can be
used to understand the development of wave energy (Shen
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and Qian, 2003), and once the SWH reaches or exceeds
4.0 m, it has greater destruction capability (Zheng et al.,
2013, 2014a). Zheng and Li (2018) referred to the SWH
values between 1.3—4.0m as effective wave heights for
wave energy development. Of course, as the absorbing ca-
pacity of wave energy devices continues to increase, the
range of effective wave heights will expand accordingly.
The EWHO reflects the availability of wave energy, which
is one of the most important factors for wave energy de-
velopment. Based on the hourly SWH, the EWHO for
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Fig.4 Significant wave height (left) and wave period (right) during tropical cyclone “VARDAH".
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future one-week forecasting (00:00z07Dec—23:00z13Dec
2016, same as below) of the NIO can be determined. That
is, the EWHO is forecasted for the next seven days, as
shown in Fig.6a. The future SWH for one week is also
calculated, as shown in Fig.6b. The EWHO in the Bay of
Bengal is optimistic, at above 90%. However, that for the

Arabian Sea is generally low, with most of the EWHO
values less than 20%. Due to the impact of the northward
swells from the SIO, the EWHO in the tropical SIO is
optimistic, with most regions more than 50% and large
value centers more than 90%. The SWH and EWHO have
an overall agreement.
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Fig.5 Wave power and wave direction in the North Indian Ocean during tropical cyclone “VARDAH’.
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Fig.6 Available rate of wave energy (a) and average significant wave height (b) for the following week.
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4.2.4 Wave energy storage

Wave energy storage is closely related to the output of
resources (Zheng et al., 2014b). Based on the effective
storage of wave energy combined with the conversion
efficiency of the equipment, engineers can estimate the
wave energy output. Researchers have devoted much ef-
fort to determining the annual wave energy storage in the
global oceans. However, there has been scant work on the
short-term forecasting of wave-energy storage, which is
needed as a basis for unit commitment and dispatch and
electricity trading. Based on the hourly simulated wave
data obtained by scheme-3, future forecasts are made of
the total storage and effective storage of wave energy for
one week, as shown in Fig.7. The method used to calcu-
late wave energy storage is as follows:

Epr=P*H , )
Epp=P*Hp, &)

where Epr is the total storage of wave energy, P is the
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average wave power for the focus period ( P is the annual
average wave power when calculating the annual energy
storage, P is the weekly average wave power when cal-
culating the weekly energy storage), and H is hour(s) (H=
365dx24h=8760h when calculating annual energy stor-
age; H=7dx24h=168h when calculating weekly energy
storage). In Eq. (5), Epg is the exploitable storage and Hg
is the number of hours in which the wave heights can be
used to determine energy utilization (effective wave height
for wave energy development, with SWH ranging between
1.3m and 4.0m).

Total storage: The total wave-energy storage in the Bay
of Bengal is greater than that in the Arabian Sea. Specifi-
cally, the total storage in the Bay of Bengal ranges be-
tween 1000kWhm ' and 2500kWhm ' and that in the
Arabian Sea is less than 500kWhm '. Effective storage:
The spatial distribution characteristic of the effective wave-
energy storage has good overall consistency with that of
total storage. The effective storage is close in value to the
total storage in the Bay of Bengal and the tropical SIO for
a high EWHO. The effective storage in the Arabian Sea is
less than 300kWhm .
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Fig.7 Total storage and effective storage of wave energy for the next week.

4.3 Wave Energy Forecasting for the Key Region
and Key Points

4.3.1 Hourly wave power for the key region

In the actual development of wave energy, more atten-
tion must be paid to the energy forecasting of the key re-
gion. Here, the Bay of Bengal is assumed to be the area of
interest. Based on the hindcast data, the wave power and
wave direction in the Bay of Bengal is contoured as shown
in Fig.8.

At 00:00 on December 8, neither the wave power nor
wave direction showed a significant cyclonic structure.
The large wave power values are distributed in the right
half circle (right side of forward direction) of cyclone
‘“VARDAH’, and reach 70kWm ' in the large center. At
00:00 on December 9, the cyclonic structures of wave
power and wave direction are significant. A large wave
power area is located in the front and right of the forward
direction of cyclone “‘VARDAH’, with up to 110kWm™'

@ Springer

in the large center. On December 10—11, with the cyclone
moving westward, its intensity gradually weakens. On
December 12, the cyclone makes landfall on the Indian
peninsula and its influence on the Bay of Bengal gradu-
ally wanes.

4.3.2 Wave energy increases at key points

The direction of wave energy is closely related to the
resource collection and conversion efficiency, and chaotic
resources can seriously affect the efficiency of wave en-
ergy development and even the life of the device. There-
fore, it is necessary to forecast the wave-energy direction.
For this study, two wave power plants are assumed to be
in the Bay of Bengal (the solid red dot in the last figure of
Fig.8 is site A and the solid white dot is site B). Increases
in the wave energy (co-occurrence of wave power and
wave direction) of sites A and B are forecasted, as shown
in Fig.9.

For site A, the direction with the highest occurrence is
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north-northeast (NNE), followed by northeast (NE) and
west-southwest (WSW). Strong wave power higher than
14kWm ' mainly comes from the WSW, followed by the
NNE and NE, which is most likely due to the combined
effect of cyclone “VARDAH’ and the swell propagation
from the SIO. For site B, the direction with the highest
occurrence is NNE, followed by NE and WSW. Strong
wave power higher than 40kW m™' mainly comes from
the NNE, most likely due to the effect of cyclone “VAR-
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DAH’. A comparison of the wave energy increases at sites
A and B reveals that site B is more significantly affected
by cyclone ‘VARDAH’ and site A is more significantly
affected by the swell propagation from the SIO.

4.3.3 Hourly wave power and direction in key points

Next, we forecast the hourly wave power and wave di-
rection for sites A and B in the next few days, as shown in
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Fig.8 Wave power and wave direction in the Bay of Bengal during cyclone ‘“VARDAH’.
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Fig.10. For site A, the wave power in the next week is
greater than 2kWm ', and slowly increases. The wave
direction is NE for December 7—10. After December 11,
the wave direction changes to roughly west (W). For site
B, due to the influence of cyclone “VARDAH’, for the
next week, the wave power shows a single peak variation
greater than 10kWm™', and reaches 60kWm™" at its peak.
The wave direction is roughly north (N) for December
7-10. From 12:00 on December 11, the wave direction
changes to southwest (SW).

Wave power greater than 2kWm ' is generally consid-
ered to be available, and greater than 20kWm ' as abun-
dant (Zheng et al., 2012). Obviously, the wave energy
values of sites A and B are in the available range for the

(@)

N
NN\}‘:’ -7 45% T '“,N-.NE

~E mis20
! 1618
M 14-16
S B4
+ESE [@10-12
& T E8-10
= s DG-S
: L W46
. v SE 24
SSW ~--_i__--~ SSE o2

R

next several days. The wave energy of site A is close to
abundant after December 10, and that of site B is fairly
abundant prior to 12:00 on December 10. In addition, the
wave directions of sites A and B are relatively stable and
less variable, with the wave energy mainly coming from
the NE and SW, which is beneficial for the collection and
conversion of wave energy.

4.3.4 Sea state contribution to wave energy

Based on the hindcast data, the co-occurrences of SWH
and wave period for sites A and B are obtained to deter-
mine the contribution of the sea state to the wave energy,
as shown in Fig.11. The sea state range of site A is mainly
1-3m and 6—9s, with an emphasis on 2m and 7s (up to
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Fig.9 Wave energy increases (co-occurrence of wave power-wave direction) at sites A (a) and B (b) for the time period

during cyclone “VARDAH".
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33%). The sea state range of site B is mainly 1-4m and
5-8s, with an emphasis on 2m and 65 (up to 33%). Site
B is close to the middle of the Bay of Bengal and site A is
located to the southeast of Sri Lanka. Therefore, site B is
more affected by cyclone ‘VARDAH’ than site A, which
means a higher occurrence of SWHs higher than 3 m at
site B. Zheng et al. (2018) reported that swells generated
by the SIO westerly can often propagate along the north-
east to the Sri Lankan waters. This means that a swell in
the SIO has a greater impact on site A than on site B, re-
sulting in site A predominantly experiencing a wave pe-
riod of 7, and site B by a wave period of 6s.

5 Discussion

By the above analysis, we find that the precision of
simulated wave data in the NIO can be increased with the
appropriate consideration of the swells originating from
the SIO (scheme-2). With full consideration of the swells
originating from the SIO to the NIO (scheme-3), the ac-
curacy of the simulated wave data in the NIO is signifi-
cantly improved. Therefore, in the numerical simulation
of waves and wave energy in the NIO, it is necessary to
fully consider the impact of the northward propagation of
swells generated from the SIO westerly. Using the Indian
Ocean as an expansion area to provide wave boundary
conditions for the numerical simulation of waves in the
NIO, we can take into full account the effects of swells
originating from the SIO, thereby significantly enhancing
the ability of wave models to simulate wave fields in the
NIO.

Alves (2006) reported that swells from the SIO have a
significant impact on the NIO, as shown in Fig.12. In addi-
tion, Zheng and Li (2017a) accurately mapped the propa-
gation route of swells from the SIO westerly based on a
comprehensive use of 6-hour zonal averages, the EOFs,
and the simultaneous, lead, and lag correlation coefficients,
as shown in Fig.13. Both wavelet and cross-wavelet analy-
ses were also used to verify the propagation characteris-
tics. Studies have shown that swells originating from the
SIO westerly typically propagate across the equator to the

80

NIO, spreading to two main terminal regions: the main
part spreading to Sri Lankan waters, and another branch
spreading to the Christmas Island waters. Swell energy in
the SIO westerly, the tropical Indian Ocean, the Sri Lankan
waters, and the Christmas Island waters have a common
period of quasi-weekly oscillation. The swell energy nor-
mally requires six days to propagate from the SIO west-
erly to the Sri Lankan and Christmas Island waters. When
simulating the regional waves of the NIO, it is necessary
to fully consider the impact of the swell originating from
the SIO. Parvathy and Bhaskaran (2019), Sreelakshmi and
Bhaskaran (2020), Murty et al. (2020), Remya et al. (2016),
and Sabique et al. (2012) have made positive contribu-
tions to the research on swells in the Indian Ocean. In addi-
tion, they have reported that the swells generated from the
SIO have a significant impact on the NIO.

Based on the numerical experiments of this study, the
swells originating from the SIO westerly are found to sig-
nificantly impact the accuracy of the short-term forecasts
of waves in the NIO. Here, we further explore the signi-
ficance of the impact of swells from the SIO on the cli-
matic characteristics of the wave energy in the NIO. Zhou
et al. (2011) and Mei et al. (2010) obtained 44-year (1958—
2001) hindcast wave data using ERA-40 wind data 10m
above the sea surface to drive the WW3 model. The
simulation range is 10°S—30°N, 40°—~140°E, which excludes
swells from the SIO (similar to scheme-2 of this study).
Based on the 44-year WW3 hindcast wave data obtained
by Zhou et al. (2011) and Mei et al. (2010), we calculated
the multi-year average wave power for the past 44 years,
which is shown in Fig.14a. Using the ERA-40 wave re-
analysis from ECMWEF, we also calculated the multi-year
average wave power for the past 44 years, as shown in
Fig.14b. The ERA-40 wave reanalysis represents the first
coupling of the wave and atmospheric circulation model
simulation results, which has high precision and is widely
used (Sterl and Caires, 2005; Uppala et al., 2006; Hemer
et al., 2007). Here, the ERA-40 wave reanalysis is re-
garded as an actual wave field to validate the obtained
wave power, based on the hindcast wave data obtained by
Zhou et al. (2011) and Mei et al. (2010).
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Fig.12 Global fields of annual mean H, (year 2000) originating from the extratropical South Indian Ocean (Alves, 2006).

A cutoff level is imposed at locations with persistence<1d.
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Fig.13 Propagation route of swell energy of the south-
west Indian Ocean in JJA 2001 (Zheng and Li, 2017a).

The spatial distribution of the wave power in the Ara-
bian Sea and the SCS, as shown in Figs.14a and 14b,
maintain overall agreement. However, a great difference
is found in the Bay of Bengal, where the wave power in
most areas is 4—6kWm'', in the absence of full consid-
eration of the swells from the SIO (Fig.14a). The wave
power value in the Bay of Bengal in Fig.14b is obviously

larger than that in Fig.14a. In Fig.14b, the wave power
gradually decreases from south to north with an arc-shape
northward projection, which illustrates the obvious propa-
gation of swells from the SIO to the NIO. Therefore, in
the NIO, both short-term numerical forecasts and climatic
characteristic analyses of the wave energy must fully con-
sider the impact of swells originating from the SIO west-
erly. In regional wave simulations in the NIO and the rest
of the world, the impact of swells far away from the focus
area should also be considered. Using the method de-
scribed by Zheng et al. (2018), we can trace the source of
swells in the focus area to further clarify the scope of the
extended area. The simulation results of the extended area
can then be used to provide boundary conditions for the
focus area, and thereby improve the precision of the
simulated wave data of the focus area.

Ocean waves play an important role in global climate
change, air-sea interaction, disaster prevention and reduc-
tion, and wave-energy development. In the ocean, some
sea areas are significantly affected by the swells gener-
ated from other regions. Simulations of ocean waves with-
out full consideration of the swells generated from other
regions may result in misleading conclusions regarding
the climatic characteristics of wave energy. This could
also result in a misunderstanding of global climate change,
air-sea interaction, and other factors, which will then re-
quire reanalysis in future work.
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Fig.14 Annual mean wave power based on the data from Mei et al. (2010) (a) and from ERA-40 wave reanalysis (b),

unit: kWm™".
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6 Conclusions and Prospects

The objective of this study was to propose a short-term
forecast program for wave energy, using the NIO as a
case study. The results show that it is feasible to generate
short-term forecasts of wave energy using the WW3 nu-
merical wave model. Compared with the traditional pa-
rameters of short-term forecast schemes for wave energy,
which mainly focus on wave power, SWH, and wave pe-
riod, this short-term forecast scheme is more comprehen-
sive, including the wave power, SWH, wave period, weekly
effective wave height occurrence (EWHO), weekly total
storage, weekly effective storage, co-occurrence of wave
power-wave direction, and sea condition contributions to
wave energy (co-occurrence of the SWH-wave period).
The inclusion of this many factors enables the WW3 nu-
merical model to better meet the actual demands associ-
ated with daily wave-energy utilization. During cyclone
‘VARDAH’, the large value center of wave power reaches
70kWm . In this period, the available wave energy in
most of the Bay of Bengal is higher than 80%. In the
Arabian Sea, the north and northeast region is a low wave
energy center (less than 20%), and the southwest region is
a relatively large center. The range of the total wave en-
ergy storage for the focus period is 1000-2500kWhm™'
in the Bay of Bengal and less than 500kWhm ™" in the
Arabian Sea.

We conducted an experiment on the southern-boundary
variability and its impact on the simulation precision of
wave energy in the NIO. Three south boundary conditions
were considered: no expansion of the southern boundary
(scheme-1), southern boundary extension to the tropical
SIO (scheme-2), and southern boundary extension to the
SIO westerly (scheme-3). During tropical cyclone ‘VAR-
DAH’, compared with scheme-1, the error of scheme-2 is
reduced by 10%—18% in the Arabian Sea and 23%-32%
in the Bay of Bengal. Compared with scheme-1, the error
of scheme-3 is reduced by 15%-25% in the Arabian Sea
and 26%-38% in the Bay of Bengal. During the strong
swell process from the SIO westerly in mid-September
2013, compared with scheme-1 and scheme-2, the im-
provement obtained by scheme-3 is much more signifi-
cant, especially in the Bay of Bengal. A rational selection
method is thus obtained for extending the area of wave
energy numerical forecasting for the NIO: in the regional
nesting of numerical wave simulations for the NIO, the
southern boundary must cover the SIO westerly.

A short-term forecast scheme for wave energy was pro-
posed based on the use of ERA-Interim wind data to drive
the WW3 wave model. In the actual short-term forecast of
wave energy, wind production can be replaced by short-
term forecast wind data (such as Global Forecast System
wind productions) for use in the daily operation of wave-
energy development. In addition, short-term forecast pa-
rameters can be added according to the actual demand,
such as the occurrence of different energy levels (e.g.,
wave power greater than 2kWm™', greater than 10kW
m, greater than 20 kW m, etc.), to better meet actual

demand. This study explored the southern-boundary con-
ditions that enable the most accurate short-term forecasts
of wave energy for the NIO. Based on the results, in our
next work, we will compare the accuracy and efficiency
of numerical calculations under different spatial-resolu-
tion scenarios to achieve a balance between accuracy and
efficiency in calculations of wave-energy short-term fore-
casts.
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