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On the Wave Energy Assessment in the South China Sea
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Abstract: This paper presents a thirty year (1976-2005) assessment of wave energy resource within the South China
Sea (SCS) by simulation. Significant wave height (SWH) between simulation and observation shows good agreement.
This shows the reliability of an along-side simulated wave period in estimating wave energy in the SCS. Results show
that estimates of wave power density are more reliable in the north-central SCS and most sufficient during winter. The
annual mean wave power density peaked at 12.7kW/m and 12.9kW/m during years 1986 and 1999 respectively while
the highest seasonal mean of 29kW/m occurred in year 1999 during winter. The wave power density is most stable in
winter and is generally more stable in offshore regions of SCS. Wave power density is most stable in years 1976, 1997
and 2004 with stability values of 1.96, 1.98 and 1.9 respectively. The stability value of 0.9 in year 1980 is the greatest in
the winter of all years. Relative-rich energy regions occupy the largest area during winter. The relatively richest energy is
generally concentrated in the central and north-central SCS. No area is identified as a relative-rich energy region during
spring. Winter 1999 has the highest relative-rich energy with value of 37kW/m.
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1. INTRODUCTION

The South China Sea (SCS) is remarkably the
deepest and largest sea around China with an average
water depth of 1212 m and a maximum depth of 5567
m (Figure 1).
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Figure 1: Geography and Bathymetry of the SCS.

After the Coral Sea and Arabian Sea, it is the third
largest epi-continental sea in the global oceans. The
SCS is a half-enclosed tropical sea within complex
topography between the Asian landmass to the north
and west, the Philippine Islands to the east, Borneo to
the southeast, and Indonesia to the south [1]. The
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water volume is 3.5-3.85 million cubic square meters,
which is about 13 times that of the total volume of the
East China Sea, the Yellow Sea, and the Bohai Sea.
The SCS is under the influence of monsoon winds and
synoptic systems such as fronts and tropical cyclones
[2-4].

The ocean energy has advantages of clean,
renewable, huge reserves, and wide distribution;
however, its instability increases the difficulty for
development [5]. In order to improve the capture ability,
previous researchers have made great contribution to
the upgrade of the wave power equipment [6, 7].

[8, 9] have analyzed the offshore and inshore wave
energy resource in Asturias (IN Spain), using wave
buoy data and a 44-yr hind cast wave data obtained
with Simulating WAves Nearshore (SWAN) wave
model. Results show that the offshore average wave
power and annual wave energy values exceed 30
kW/m and 250MW h/m. Most of the energy is provided
by IV quadrant waves with significant wave heights
between 2m and 5m and energy periods between 11 s
and 13 s.

The evaluation of the wave power site selection is
also a function of the stability of wave power density.
More stability more better acquisition and conversion of
wave energy. The instability of the wave energy density
will reduce the conversion efficiency of the ocean
energy conversion transpose, and even more, damage
the power equipment [10].

In China, the wave energy resource evaluation is
mostly based on very limited buoy material or shipping
data [11, 12].
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With the urbanization at the Beibu Gulf Economic
Zone, located at the northwest of the South China Sea,
many new industries are imported, accompanying a
large amount of immigration. As a result, Beibu Gulf
Economic Zone is facing a shortage of electricity. The
local government urgently requires developing wave
energy to ease the pressure of power shortage.
Although the early investigations for estimation of the
wave energy resources in the Beibu Gulf have been
conducted, such as [13-16], their investigations have
the shortcomings that they investigate the local wave
energy resources at a large scale, such as a global
scale or a national scale, which lead to the mis-
estimation of wave energy due to the low temporal
spatial resolution of the wave energy in the Beibu Gulf
and that the quantitative analysis of wave energy has
not been provided, especially the fact that the wave
energy per unit has not been discussed in detail. In
addition, the direction and the cycle of the wave energy
variation have not been conducted.

The richness of wave energy resources is an
important factor in identifying ideal locations for wave
power plants [15, 17, 18] indicated that wave energy is
available when wave power is greater or equal to
2kW/m and is rich when wave power is greater or equal
to 20kW/m.

This study aims to investigate the spatio-temporal
characteristic and stability of the wave power density
and also the seasonal distribution of relative rich
energy regions of wave power density in the SCS.

2. METHODOLOGY AND DATA

2.1. The SCS Ocean Wave Model and Wind Data

In this study, the wave climate over 272 locations in
the SCS was hindcasted with version 3.14 of the third-
generation spectral wave model WAVEWATCH IlI ™
(denoted as WW3) [19]. The model spatial grid covers
the whole of SCS and part of ECS from longitudes
95°Eto 135°E and latitudes 5°S to 30°N with a 0.25°
resolution. The model was forced with 6hour re-
analysis wind fields extracted over longitudes 95°Eto
135°E and latitudes 5°S to 30°N from the WRF model
available from 1976 to 2005 on a O.2°(Iongitude) by
0.20(Iatitude) Gaussian grid. Wind fields were
interpolated on a regular O.25°grid to force the model.

A 30-year simulation was performed from 1976 to
2005 and provided a 6hour time series of SWH and
other wave parameters over a box extending from 3°N

to 23°N and 105°E to 121°E which corresponds to the
SCS mentioned above.

2.2. Data Validation

The TOPEX/Poseidon data was used to verify the
accuracy of the WW3  simulations. The
TOPEX/Poseidon satellite crossover points in the SCS
from January 1 to December 31, 2002 are shown in
Figure 2.
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Figure 2: Topex/Poseidon crossover points and Geography
of the SCS.

The model SWH data were interpolated into all the
crossover points where the hindcast and altimeter data
were computed. Comparisons were conducted
between the model hindcast results and the
Topex/Poseidon altimeter observations. Synchronous
comparisons of SWH are shown in Figures 3a and 3b.
The time series cover different periods in year 2002 for
all the crossover points as Topex/Poseidon passed
over the SCS.

The skill of the model was evaluated through a
statistical study that consists on calculating the
following:
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Figure 3: (a) Time series of the wave model data against Topex/Poseidon data for the SWH, on the x-axis is the number of data
points. (b) Scatter plot of the wave model data against Topex/Poseidon data for the SWH.

s = RMSE @)
X

where, xi represents the observed data, y; represents
the simulated data, x and y are mean value of
observed and simulated data, N is the total number of
observations. The correlation coefficient (cc) between
the simulated and observed data is 0.914 which
indicates a close relationship between simulated and
observed data. From Bias which is 0.012m, we find that
the model slightly overestimates the observed SWH.
The RMSE between the simulated and observed data
is 0.432m indicating a low error of simulated data while
the scatter index is 0.162. In general, the simulation
results are consistent with the observations, which
indicate that in general the WW3 can well reproduce
the SWH and as well be a dependable model to
simulate surface waves in the SCS.

2.3. Wave Power Density Evaluation

By using a 30 year (Jan 1, 1976 to December 31,
2005) hindcast data of the SWH and wave period, a 6
hour SCS wave power density was obtained using the
evaluation method of [20-22]. The evaluation method is
as follows:

p ’ 2 2
P.~gar H T, =049H T, ®)

where P, is wave power (unit: kW/m), Hp, is the
significant wave height (unit: m), and T, is the energy
period (unit: s).

2.3.1. Annual and Seasonal Characteristics of the
Wave Power Density

2.3.1.1. Reqional Variation

The distribution of annual and seasonal mean wave
power density derived from analysis of the WW3-SCS
wave climatology are presented in Figures 4 and 5.
From Figure 4, the annual mean wave power density is
greatest (14-20kW/m) in the central SCS and in some
regions in the north-central SCS particularly around
Xisha and Zhongsha with wave power density greater
than 20kW/m. Lower values (<10kW/m) dominate most
parts of the southern SCS. Smallest values (<2kW/m)
are particularly found around northwest of Hainan,
Vietnam borders, Kalimantan and Palawan.
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Figure 4: Annual mean wave power density in the SCS, unit:
kW/m.
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Figure 5: Seasonal mean wave power density in the SCS, unit: kW/m.

As can be seen in Figure 5, during winter, greatest
values of the wave power density (30-40kW/m) are
concentrated in the central SCS. Least values
(<5kW/m) distribute round Hainan, Kalimantan and
Palawan. In spring, largest values of the wave power
density (6-8kW/m) concentrate around Xisha and
Zhongsha. Lower values (5-6kW/m) are found in the
central SCS. Extremely low values (<1kW/m) are seen
around Hainan, Kalimantan and Palawan. During
summer, large area with high wave power density
values (13-17kW/m) are located within Xisha,
Zhongsha, and west of the Luzon and close to Taiwan
Island. Wave power density values less than 4kW/m
dominate most part of the southern SCS and around
Hainan. During autumn, wave power density (25-

30kW/m) is largest around Xisha and Zhongsha. Least
values (<5kW/m) are found around Hainan,
Kalimantan, Palawan and southwest corner of the
southern SCS. Wave power density is generally largest
in winter in the whole year; of above 9kW/m in most
part of the SCS, it is greater than 6kW/m in most
regions of the SCS in autumn and below 8kW/m in
most regions of the SCS in spring. These results are
consistent with the findings of [23].

2.3.2. Inter-Annual Variation

The temporal variations of the annual and seasonal
mean wave power density in the SCS are presented in
Figures 6 and 7. From Figure 6, highest wave power
density values (12.7kW/m and12.9kW/m) are found in
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Figure 6: Variation of the annual mean wave power density,
unit: KW/m.

years 1986 and 1999 while smallest values (7.5kW/m,
7.3kW/m and 6.8kW/m) are respectively seen in years
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1982, 1997 and 1998. From Figure 7, during winter,
largest wave power density of 29kW/m is found in the
year 1999. Least values (10.3kW/m, 13kW/m,
12.5kW/m and 12.1kW/m) are respectively noticed in
years 1979, 1982, 1992 and 1994. During spring,
highest wave power density values of 6.5kW/m, 6kW/m
and 6.7kW/m are respectively found in years 1986,
1989 and 2005. Smallest values of 1.7kW/m, 1.6kW/m
and 1.4kW/m are respectively noted in years 1979,
1983 and 1992. In summer, the wave power density
peaks at 12.2kW/m in year 2002 while the least value
of 1kW/m is seen in year 1998. During autumn, the
wave power density peaks at 16.5kW/m, 16.9kW/m,
17.2kW/m and 17.4kW/m respectively in years 1983,
1986, 1988 and 1992. Minimum values of 7.2 kW/m,
7kW/m, 6.7kW/m and 5.8kW/m are respectively noted
in years 1980, 1982, 1987 and 1997.
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Figure 7: Variation of the seasonal mean wave power density, unit: KW/m.
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2.4. Stability of the Wave Power Density

Many measures can be conceived to describe the
temporal variability in wave power at a site. One
simple, straightforward measure is the coefficient of
variation (cov). The wave power density stability is
evaluated by calculating the cov for each grid point.
The lesser the cov, the more the stability.

The cov calculating formula is as follows:

cov =

(6)

< I »

Where s is the standard deviation and is evaluated
as:

S:

\/Zj_lez —(Z;x,-)2 /n

n—1
X is the mean value.

2.4.1. Annual and Seasonal Stability of the Wave
Power Density

2.4.1.1. Reqional Variation

Figures 8 and 9 show the distribution of the annual
and seasonal mean wave power density stability in the
SCS. It can be seen from Figure 8 that the wave power
density stability decreases upwards (cov 1-5) in most
waters from the southern to the northern SCS. It is
least stable (cov 5.2-12) in a small region directly north
of Hainan.

1058°E  108°E 111°E  114°E 117°E  120°E
Longitude

Figure 8: Annual mean wave power density stability in the
SCsS.

From Figure 9, the stability of wave power density
exhibits obvious regional and seasonal differences.
The seasonal difference resulted from the influence of
the monsoon. During the winter, the wave power
density stability is high in most regions of the SCS.
Lower stability (cov>1.4) is found around Hainan,
Kalimantan, Palawan and waters west of the Luzon.
The instability of wave power density is most
pronounced few waters in the northern and southern
SCS. During the spring, high stability (cov<?2) is noticed
around northwest axis of Hainan, borders of Vietham
and in some regions of central SCS. The wave power
density is less stable in most regions of the northern
and southern SCS with cov between 2 and 2.7. The
stability is smallest (cov>2.7) in small regions northeast
of Hainan and in the southern SCS. During summer,
the wave power density is more stable (cov<2.5) in the
central and southern SCS than in the northern SCS.
The wave power density is particularly less stable (cov
3-7) around Hainan. During autumn, the wave power
density is more stable (cov<2) in the southern SCS
than in the central and northern SCS. The degree of
instability of wave power density (cov 2.7-5.5) is largest
around Hainan and waters to its northeast and
northwest axis. In general, the wave power density is
most stable in the winter because the ocean waves
caused by frequent cold airs are often relatively regular
and stable. Also, wave power density in the offshore is
more stable than in the near shore regions of the SCS.

2.4.1.2. Inter-annual variation

Figures 10 and 11 display the temporal variation of
the annual and seasonal average wave power density
stability in the SCS. It is seen from Figure 10 that the
wave power density is most stable in the years 1976,
1997 and 2004 with stability values of 1.96, 1.98 and
1.9. The year of least stability is in 1998 with stability of
2.96.

From Figure 11, during the winter, the wave power
density is most stable in year 1980 with cov of 0.9 and
least stable in 1998 with cov of 2.0. During spring, the
wave power density has the highest stability in years
1992 and 1998 with cov of 1.3 and 1.41 respectively
while years 1977, 1989 and 2004 have the poorest
stability with stability values of 2.8, 2.7 and 3.1
respectively. During summer, years 1994 and 2004 are
years of greatest stability in the wave power density
with stability values of 1.5 and 1.47 respectively
whereas least stability can be seen in years 1980 and
1992 with cov of 2.57 and 2.56 respectively. During
autumn, the greatest stability in the wave power density
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Figure 9: Seasonal mean wave power density stability in the SCS.
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Figure 11: Variation of the seasonal mean wave power density stability.

is found in years 1980, 1991 and 2002 with cov of 1.5,
1.49 and 1.42 respectively. The wave power density is
least stable in year 1983 with cov of 2.35.

2.5. Relative Rich-Energy Region of the Wave
Power Density

The distribution of relative rich-energy region
changes along with season from the value and stability
of the wave power density [23]. Suppose the region
with seasonal average wave power density above
6kW/m and the cov is below 2.0 as the relative rich-
energy region. This is adopted in this study.

2.5.1. Regional Variation

2.5.2. Inter-annual variation

The seasonal and temporal distribution of the
relative-rich energy regions of wave power density are

shown in Figures 12 and 13. As seen in Figure 12,
during winter, relative-rich energy area distribute round
most part of the SCS. Relative-rich energy is most
intense in the central SCS and around Xisha and
Zhongsha with wave power density between 30kW/m
and 40kW/m. Hainan, Kalimantan and Palawan are
regions of no relative-rich energy. During spring, all
areas of the SCS do not contain relative-rich wave
power density. Ordinary wave energy is only available.
Area of relative-rich energy distribute primarily in the
central SCS during summer. The wave power density
relative-rich energy region occupies a larger area in
autumn than in summer. The area of relative-rich
energy distribute primarily in the central SCS and
around Xisha and Zhongsha.

From Figure 13, during the winter, the wave power
density relative-rich energy peaks at 37kW/m in year
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Figure 12: Wave power density in the relative rich-energy region for the seasons, unit: kW/m.

1999, it is smallest (14kW/m) in year 1979. In the
spring, the relative-rich energy is only available in
16years out of the 30years considered in this study. It
peaks at 9kW/m in year 1986 and least (6.2kW/m) in
year 1988. During summer, the relative-rich energy is
available in all years except in year 1998. A maximum
value of 18.5kW/m is seen in year 2002. Minimum
values of 6.9kW/m, 6.7kW/m, 6.9kW/m and 6.8kW/m
are respectively found in years 1977, 1980, 1983 and
1988. In the autumn, the relative-rich energy peaks at
27kW/m in year 1983 and least (8.5kW/m and
8.2kW/m) in years 1982 and 1987.

3. CONCLUSIONS

This study investigates the distribution of wave
power density, its stability and its relative-rich energy in

the SCS. Areas of extremely large wave power density
values (approximately 20-22 kW/m) are located around
Xisha and Zhongsha in the north-central SCS. The
distribution of wave power density also has seasonal
differences due to the East Asian monsoon. The wave
power density is sufficient in winter and autumn and
insufficient in spring and summer. The wave energy is
generally least abundant around Hainan, Kalimantan
and Palawan, therefore, estimates of wave power
density are less reliable in these regions.

Highest wave power density values of 12.7kW/m
and 12.9kW/m are respectively found in years 1986
and 1999. The largest wave power density of 29kW/m
is found during winter in year 1999. This is followed by
wave power density of 16.5kW/m, 16.9kW/m,
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Figure 13: Wave power density relative rich-energy, unit: kW/m.

17.2kW/m and 17.4kW/m found in autumn respectively
in years 1983, 1986, 1988 and 1992.

Wave power density stability decreases upwards
(cov 1-5) in most waters in the southern to the northern
SCS. The wave power density is most stable in winter
and there is generally more stability in the offshore than
in the near shore regions of the SCS. Wave power
density is most stable in years 1976, 1997 and 2004
with stability values of 1.96, 1.98 and 1.9 respectively.
The stability value of 0.9 is the greatest in 1980 during
winter.

Lastly, the wave power density relative-rich energy
regions occupy the largest area in the SCS during
winter than in the other seasons. The relatively richest
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energy is generally concentrated in the central SCS
and around Xisha and Zhongsha. No area is identified
as a relative-rich energy region during spring in the
SCsS.

Winter 1999 and autumn 1983 have high relative-
rich energy with values of 37kW/m and 27kW/m
respectively.

NOMENCLATURE

SCS = South China Sea
SWH = Significant wave height
RMSE = Root mean square error
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CcC = Correlation coefficient
Sl = Scatter index

COV = coefficient of variation
WW3 = WAVEWATCH-III
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