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Abstract
Wave energy resources are abundant in both offshore and nearshore areas of the China's seas. A reliable 
assessment of the wave energy resources must be performed before they can be exploited. First, for a water 
depth in offshore waters of China, a parameterized wave power density model that considers the effects of 
the water depth is introduced to improve the calculating accuracy of the wave power density. Second, wave 
heights and wind speeds on the surface of the China's seas are retrieved from an AVISO multi-satellite altim-
eter data set for the period from 2009 to 2013. Three mean wave period inversion models are developed and 
used to calculate the wave energy period. Third, a practical application value for developing the wave energy 
is analyzed based on buoy data. Finally, the wave power density is then calculated using the wave field data. 
Using the distribution of wave power density, the energy level frequency, the time variability indexes, the to-
tal wave energy and the distribution of total wave energy density according to a wave state, the offshore wave 
energy in the China's seas is assessed. The results show that the areas of abundant and stable wave energy 
are primarily located in the north-central part of the South China Sea, the Luzon Strait, southeast of Taiwan 
in the China's seas; the wave power density values in these areas are approximately 14.0–18.5 kW/m. The 
wave energy in the China’s seas presents obvious seasonal variations and optimal seasons for a wave energy 
utilization are in winter and autumn. Except for very coastal waters, in other sea areas in the China's seas, 
the energy is primarily from the wave state with 0.5 m Hs 4 m, 4 s Te 10 s where Hs is a significant wave 
height and Te is an energy period; within this wave state, the wave energy accounts for 80% above of the total 
wave energy. This characteristic is advantageous to designing wave energy convertors (WECs). The practical 
application value of the wave energy is higher which can be as an effective supplement for an energy con-
sumption in some areas. The above results are consistent with the wave model which indicates fully that this 
new microwave remote sensing method altimeter is effective and feasible for the wave energy assessment.
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1 Introduction
The ongoing development of human society and the econ-

omy is increasing the demand for energy. The reserves of some 
conventional fossil energy sources, such as petroleum, natural 
gas and coal, are limited and will be rapidly exhausted in the 
coming decades (Bai, 2006). In addition, carbon dioxide emis-
sions from the conventional fossil energy sources lead to global 
warming. The lack of resources and pollution from the con-
ventional energy is an important issue for all countries. Thus, 
the development of novel renewable energy sources is an ur-
gent requirement for economical and societal progress. Many 
countries have conducted a research on the exploitation and 
utilization of a green renewable energy. There are several abun-
dant renewable energy sources, including ocean wind energy, 
tidal energy, wave energy, current energy, thermal gradient en-
ergy and ocean salinity energy, in the oceans, which cover ap-
proximately 71% of the earth's surface (Guan, 2011). The wave 
energy has the greatest potential and is the most valuable type 

of the ocean energy because it will only slightly affect the envi-
ronment and it is a form of mechanical energy. Previous work 
has estimated that the theoretical wave energy in the oceans is 
approximately 1 TW, which is hundreds of times larger than the 
power generated around the world (Li et al., 2010). The exploita-
tion and utilization of the wave energy resources are an import-
ant strategy for solving energy problems that are caused by the 
lack of conventional energy resources and the environmental 
problems that are caused by carbon emissions.

Before exploitation, a reliable assessment of the wave ener-
gy resources, including the temporal and spatial distribution, 
seasonal variation and reserves, must be performed, which is 
called a wave energy assessment. The wave energy assessments 
have been performed by researchers in several countries. Early 
wave energy assessments were primarily based on the in situ 
observation, which do not provide long-term and large-scale 
results (Quayle and Changery, 1981). Owing to the development 
of ocean technology, previous studies have assessed the wave 
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energy resources in several regions of the world using wave 
models, including numerical wave models (Pontes, 1998; Pon-
tes et al., 2005; Cornett, 2008; Folley and Whittaker, 2009; Stopa 
et al., 2011; Arinaga and Cheung, 2012; Zheng et al., 2014). The 
development of a microwave remote sensing technology has 
introduced a new method for collecting a wave observation. 
Moreover, several wave energy resource assessment studies 
have used remote sensing data. On the basis of the analysis of 
2-year T/P satellite altimeter data, Barstow et al. (1998) obtained 
a wave energy evaluation in several hundred discrete points 
along global coastline deep water. Pontes and Bruck (2008) car-
ried out the wave energy assessment using the remote sensed 
data and revealed successfully that altimeter data and SAR data 
are effective for the wave energy assessment. In general, studies 
for the wave energy assessment by the remote sensing data are 
scarce.

The offshore areas of China are located in the East Asia mon-
soon climate zone. Northerly winds prevail during the winter; 
strong gales with cold waves are common. Southerly winds 
prevail during the summer, and the region is often affected 
by typhoons. In this region, ocean waves are strong; therefore, 
wave energy resources are abundant, which is advantageous 
for the exploitation and utilization of the wave energy resourc-
es (Wang, 1984). The wave energy resource assessments have 
been performed in China since the 1980s. Wang (1984) analyzed 
the distributions and variations of wave energy characteristics 
in nearshore areas of China using in situ wave data from ocean 
stations. Wang and Lu (1989) performed a wave energy zoning 
study for rural coastal areas in China, which is the most com-
prehensive, systematic and scientific assessment of the wave 
energy resources in coastal areas of China to date. Ren et al. 
(2008) and Ren et al. (2009) established an assessment system 
for ocean wave information resources and analyzed the wave 
energy in the Zhejiang Shengshan coastal area. Furthermore, 
Zheng et al. (2011), Zheng and Li (2011), Zheng et al. (2012), 
Zheng and Pan, et al. (2013) and Zheng and Su, et al. (2013) 
comprehensively and systematically assessed the wave energy 
resources in the China's seas using high-resolution wave fields 
simulated with the WAVEWATCH-III and SWAN wave models. 
These studies have played an important role in promoting the 
development of the wave energy resources in the China's seas. 
In addition, Zheng and Pan (2014) analyzed the global ocean 
wind energy resource based on CCMP (cross-calibrated, mul-
tiplatform) wind field data with resolution 0.25°×0.25° for the 
period 1988–2011. This research fills a gap in our knowledge in 
this field and provides an important reference for the wave en-
ergy resource assessment.

Radar altimeters can provide a long-term and extensive in 
situ wave observation that are different from wave model data. 
The altimeter could provide an accurate significant wave height 
which has been widely used in an ocean wave research field. 
On the one hand, altimeter data can be as a verification data 
set for the simulated results from a wave model (Stopa et al., 
2011; Zheng et al., 2012). On the other hand, the altimeter data 
always can be as in situ data and be assimilated into wave mod-
els to improve the accuracy of the wave models (ECMWF, 2013; 
Hsu et al., 2011). It can be seen that the altimeter can provide 
high-precision wave data and represent a novel method for col-
lecting wave observations and conducting the wave energy as-
sessment. The wave energy assessment in China trailed assess-
ments in other countries. Moreover, inadequate methods have 
been used for making the wave observation. The wave energy 
assessment has not been performed using the remote sensing 

data. In this study, we calculated several characteristic wave 
energy quantities using AVISO multi-satellite merged altimeter 
wave data from CNES and CLS. The temporal and spatial wave 
energy distributions in the China's seas were evaluated by con-
sidering a wave power density, an energy level frequency, a sta-
bility, a total wave energy and the distribution of the total wave 
energy density according to the wave state. This study is the first 
to assess the wave energy in the China's seas using the altimeter 
data.

2 Data sets and methodology

2.1 Data sets

2.1.1 AVISO multi-satellite merged altimeter data
Radar altimeters can provide relatively accurate significant 

wave height and wind speed data. The European Center for Me-
dium-range Weather Forecasts (ECMWF) and the French Re-
search Institute for Exploitation of the Sea (Ifremer) compared 
the measurements from several altimeters with buoy data and 
wave model data and found that the significant wave heights 
and wind speeds retrieved from altimeters are accurate; root 
mean square errors (RMSEs) were less than 0.5 m for the signif-
icant wave height and less than 2 m/s for the wind speed (Quef-
feulou et al., 2010; Abdalla et al., 2008). Moreover, the altimeter 
data have been considered accurate and are widely used to ver-
ify the wave model data (Stopa et al., 2011; Arinaga and Cheung, 
2012; Zheng and Li, 2011). Thus, significant wave height and 
wind speed data from altimeters are reliable. There are limita-
tions when a single altimeter is used to make observation in 
the coastal waters of China. In this paper, AVISO multi-satellite 
merged data were used to increase the coverage area of the Chi-
na's seas.

The AVISO data from CNES and CLS (2010) are from sever-
al altimeters, such as Jason-1, ENVISAT, Jason-2 and Cryosat-2. 
The near-real-time significant wave height and wind speed data 
selected for this study were from September 2009 to August 
2013 and encompassed 10°–41°N and 105°–129°E; the spatial 
and temporal resolutions were 1°×1° and 1 d, respectively. This 
data set was primarily used to provide wave fields data for the 
wave energy assessment.

Because the AVISO multi-satellite merged altimeter data 
have a lower spatial resolution, in order to obtain the detailed 
assessment for wave energy, Kring interpolation method was 
used to acquire a higher spatial resolution in this study. This 
method is also called a space autocovariance optimal interpola-
tion method which is an optimal interpolation method named 
by Krige D G who is a mining engineer from South Africa. This 
method is widely used in some fields such as underground wa-
ter simulation, soil cartography and so on which is a valuable 
gridded method for geological statistics. This method can pro-
vide a linear unbiased estimation for a research object.

2.1.2 Buoy data
Buoys are an important and accurate source of the in situ 

data for a wave observation that are often used to verify the 
results of other methods. This study used buoy data from five 
buoys located in the Bohai Sea, the Yellow Sea and the East Chi-
na Sea during the GHME project in 2012. Table 1 shows the buoy 
specifications, which include three buoys of the Chinese Acade-
my of Sciences (CAS), two wave dragon (AWAC) buoys. The data 
are from April 2012 to January 2013 and were collected at 10 or 
30 min intervals. All of the buoys were located in nearshore ar-
eas where the water depths are less than 50 m. This data set was 
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primarily used to illustrate the necessity to calculate the wave 
power density by water depth model (WD-model) and practical 
application value for developing the wave energy.

2.1.3 ERA-Interim reanalysis data
The European Center for Medium-range Weather Forecasts 

(ECMWF) is one of main data reanalysis centers. ERA-Interim is 
the latest global atmosphere numerical reanalysis data set that 
has been provided by the ECMWF for global users. ERA-Interim 
provides highly accurate global wave field data, including the 
significant wave height and the energy period (Te, s). Several 
comparisons and verifications of the wave fields from the buoys 
and reanalysis data have been presented in ECMWF technical 
memoranda. The RMSE of the significant wave height data is 
0.395 m, and the RMSE of the energy period data is 0.730 s. 
These previous results show that the ERA-Interim wave field 
data are very accurate . Therefore, the ERA-Interim energy pe-
riod data set was selected to represent the true values for the 
altimeter mean wave period inversion in this study.

2.2 Methodology
The wave power density is the most important characteris-

tic for the assessment of wave energy resources. This parameter 
has been typically calculated in recent studies by integrating 
model spectra based on numerical wave models. In this case, 
the wave power density (Pw) of a unit wave crest length is cal-
culated by

2

w
0 0

, , d dgP g c f d S f f , (1)

where  is the density (kg/m3) of sea water; g is the acceleration 
(m/s2) of gravity; cg is the group velocity (m/s) of the wave en-
ergy propagation; S(f, ) is the wave spectrum, f is the wave fre-
quency (Hz) and  is the direction (°) of the wave propagation; 
and d is the water depth (m) (Iglesias et al., 2009).

The empirical equation (EM-model) used to calculate the 
wave power density for offshore deep water areas is defined as

2
w s e0.5P H T . (2)

In deep water, the Pw values calculated from Eq. (2) are accurate 
which have been adopted by Zheng (Zheng et al., 2011; Zheng 
and Li, 2011; Zheng et al., 2012; Zheng and Pan, et al., 2013) 
However, in shallow or medium water depths, we must consider 
nearshore effects when calculating the wave power density, in-
cluding refraction, shoaling, bottom dissipation and sheltering 
by the coastline or adjacent islands (Iglesias et al., 2009). In this 
situation, Pw is often calculated using Eq. (1). Unfortunately, the 
altimeter data cannot provide the wave spectrum; therefore, Pw 
cannot be calculated using the spectra integration method.

Several studies have shown that large areas between 50 and 

200 km offshore in the China's seas have shallow and medium 
water depths of less than 50 m (figure omited). Although the 
altimeter data are not accurate within 50 km offshore (Yang, 
2009), but some altimeter observation areas outside 50 km off-
shore where we can obtain accurate values are still located in 
shallow water areas. Thus, we must consider shoaling when cal-
culating Pw.

To address this situation, a parametric model of Pw that con-
siders the water depth (WD-model) was introduced. Wang and 
Lu (2009) indicated that Pw is equivalent to the hydrodynamic 
pressure (p) on a vertical plane that is orthogonal to the propa-
gation direction multiplied by the velocity (u) of a water particle 
passing through the vertical plane, which can be calculated as 
follows:

0

w
0

1 d d
T

d

P p gz u t z
T

, (3)

where t is the time (s); T is wave period (s) and z represents the 
water depth (m). We can integrate Eq. (3) over the wave period 
and the water depth. Therefore, Pw can be calculated using

e
w *tanh

2g
gTP Ec E kd P , (4)

where 2
s(1 /16)E gH , is the wave energy density (J/m2); 

k=2 / , is the wavenumber (m−1),  is the wavelength (m); and 

P kd
kd* sinh

= +⎛
⎝
⎜

⎞
⎠
⎟

1
2

1 2
2

.

In the deep water (i.e., d/ 1/2, P*=1/2 and tanhkd 1 were 
included in Eq. (4) and rearranged), Pw can be calculated as

2
2 2

w s e s e0.5
64

gP H T H T , (5)

which is the same as Eq. (2).
In the shallow water (i.e., d/ <1/20, P*=1 and tanhkd 2 d/

were included in Eq. (4) and rearranged), Pw can be calculated 
as

2
w s16

gP H gd . (6)

For medium water depths (i.e., 1/20 d/ <1/2), we must con-
sider the shallow water correction. Pw can be calculated as

e
w

1 2tanh 1
2 2 sinh2
gT kdP E kd

kd
. (7)

The water depth and the wavelength are necessary for deter-
mining the appropriate conditions and for calculating Pw. The 
water depth data were obtained from the University of Califor-

Table 1. Buoy specifications

Buoy station ID
North 

latitude/(°)

East 

longitude/(°)

Water 

depth/m
Data period Maintenance Buoy type General location

kzscd 38.058 8 120.654 1 14 Apr. 2012 to Jan. 2013 GHME group AWAC buoy Changdao coast

010 35.818 0 120.215 8 26 Apr. 2012 to Dec. 2012 GHME group CAS buoy Lingshan Island coast

NO.1WAVE-4 31.404 0 122.491 5 22 Apr. 2012 to Jan. 2013 GHME group AWAC buoy Chongming Island coast

011 30.550 0 122.366 7 26 Apr. 2012 to Dec. 2012 GHME group CAS buoy Daqushan coast

kzszs 29.752 7 122.750 0 42 Apr. 2012 to Dec. 2012 GHME group CAS buoy Zhoushan coast

 Bidlot J R. 2012. Comparison of ECMWF re-analyses with in-situ wind and wave data. ECMWF Technical Memorandum
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nia San Diego (UCSD) website and have a spatial resolution of 
1 ×1  (Smith and Sandwell, 1997). The wavelength is estimated 
using the mean wave period; the relationship according to a 
sine wave theory is

2
e2

g T . (8)

However, Wen and Yu (1985) indicated that to obtain more 
accurate results, wavelength cannot be directly calculated from 
Eq. (8). Instead, we must multiply Eq. (8) by an empirical coeffi-
cient (0.87). Thus, wavelength can be calculated using

2
e0.87

2
g T . (9)

Because the water depths in most sea areas of China are shal-
low, the accurate values of Pw must be obtained from the 
WD-model. In this section, the differences between calculating 
Pw in shallow waters using the WD-model and the EM-model 
are discussed using the buoy data from Stas No. 1 WAVE-4 and 
011. A comparison of the monthly average Pw values calculat-
ed using these two models is shown in Fig. 1; blue denotes the 

WD-model results, and brown denotes the EM-model results. 
The results show that the Pw values predicted by the EM-model 
are less than those from the WD-model in shallow waters. More-
over, the results also suggest that as Pw increases (i.e., higher 
wave conditions), the difference between the models increases. 
To further examine the relationship between this difference and 
Pw, the results from these two buoys were categorized according 
to the Pw values, which is shown in Table 2, where the mean bias 
is the average of Pw-WD−Pw-EM. Table 2 indicates that the bias in-
creases as Pw increases, the total mean bias is 0.57 kW/m, and 
the total RMSE is 1.47 kW/m, which increases with increasing 
wave conditions. Therefore, calculating Pw using the WD-model 
in shallow waters improves the accuracy of the Pw estimates in 
shallow waters.

Table 2. Statistics categorized according to the Pw values for the 

data from buoy stations No.1 WAVE-4 and 011

Pw/kW·m−1 0–5 5–10 10–15 15–20 20–25 Total

Mean bias/kW·m−1 0.08 0.46 0.99 1.65 2.40 0.57

RMSE/kW·m−1 0.14 0.57 1.12 1.80 2.52 1.47
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Fig. 1. Comparison of the monthly average Pw values calculated using the WD-model and the EM-model for buoy Stas No. 1 WAVE-4 
(a) and 011 (b).

3 Wave period inversion and validation
The altimeter data set can provide relatively accurate sig-

nificant wave height (Hs) and wind speed data; however, the 
data set cannot provide energy period, which is an important 
parameter for calculating Pw. energy period is often obtained 
by inversion modeling. Many inversion models have been de-
veloped, including the CS91 model, the H98 model, the G03 
model, the Quilfen model, the Mackay model and the quartic 
polynomial empirical model (Challenor and Srokosz, 1991; 
Hwang et al., 1998; Gommenginger et al., 2003; Quilfen et al., 
2004; Mackay et al., 2008; Miao et al., 2012). These models are 
all based on specific altimeter data and are suitable for spe-
cific oceanic areas. Several novel mean wave period inversion 
models fitted to multialtimeter satellites have been established 
using AVISO data and ERA-Interim data, including the poly-
nomial model (PQ-AVISO-model), the polynomial subsection 
model (PQP-AVISO-model) and the BP neural network model 
(MWP-NN-model).

3.1 Model development
The studies of Wang (2006) and Miao et al. (2012) were 

foundations for the development of polynomial models. Wang 
(2006) presented the following relationship between the a non-

dimensional wave height and a wave age:

sz
2

10 10

1.44
2

gHgT
U U

, (10)

where the nondimensional wave height is in the parentheses, 
the left hand side is the wave age; Tz is the zero-crossing mean 
wave period(s) (Tz=0.801 7Te) (Li, 2007); and U10 is the wind 
speed (m/s). On the basis of ERA-40 and Jason-1 altimeter data, 
Miao et al. (2012) develop a quartic polynomial empirical mod-
el for the wave period inversion. On the basis of previous stud-
ies, the polynomial model is constructed as follows:

sz
2

110 10

1.44
2

i
n

i
i

gHgT a C
U U

. (11)

The modeling data set was created using the AVISO data and 
ERA-Interim data from 2011, and the polynomial coefficients 
were fitted using the least squares method. The QP-AVISO-mod-
el was subsequently developed. The modeling data set was sec-
tioned according to significant wave height. Then, the PQP-AVI-
SO-model was formulated. The RMSE is the lowest when i is 5.
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Table 3. Wave energy actual application value statistics at three 

buoy stations
Buoy station 

ID
Adjacent island

Available energy/

GW·h·a−1·km−1

Power supply 

ability/104·a−1

kzscd Changdao Island 10.548 1.68

010 Lingshan Island 15.003 2.40

kzszs Zhoushan Islands 59.912 9.57

A BP neural network model was adopted to establish a neu-
ral network model for zero-crossing mean wave period. The 
same data set used previously was also used to calculate the 
nondimensional wave height (input) and the wave age (output). 
The neural network was trained using a LM method. Thereafter, 
the MWP-NN-model was established.

Furthermore, in order to verify the accuracy of models es-
tablished in this paper, a quartic polynomial empirical model 
(Miao-QP-model), a quartic polynomial subsection empirical 
model (Miao-PQP-model) by Miao et al. (2012) and H98-mod-
el by Hwang et al. (1998) were selected to compare with three 
models in this paper.

3.2 Validation
The validation data set was created from the AVISO data and 

ERA-Interim data from 2012. Comparisons were carried out be-
tween three models in this paper and models by Miao et al and 
Hwang et al. The results are shown in Fig. 2. In order to evaluate 
the accuracy of inversion models through the compared results, 
we employ some accuracy indexes such as:
(1) Root mean square error (RMSE, erms), which can be calcu-
lated using:

2
rms

1

1 n

i i
i

e y x
n

; (12)

(2) Bias (b), which can be calculated using:

b y x ; (13)

(3) Correlation coefficient (CC, r), which can be calculated us-
ing:

1

2 2

1 1

n

i i
i

n n

i i
i i

x x y y
r

x x y y
; (14)

(4) Scatter index (SI, si), which can be calculated using:

2

i
1

1 1 n

i i
i

s y y x x
x n

. (15)

In Eqs (12)–(15) xi denotes the zero-crossing mean period (Tz) 
from the ERA-Interim; yi denotes Tz from the inversion mod-
els; x  and y  denote the zero-crossing mean wave period from 
the ERA-Interim and the inversion models respectively; and 
n is number of samples. These indexes are mainly used to ex-
press degree of deviation and correlation between inversion 
results and true values and can express an inversion accuracy 
well. In Fig. 2, the different colors represent the sample density. 
The samples in Fig. 2b are the closest to the central line and the 
densest around the central line. This result indicates that these 
samples are the best inversion results. Thus, the inversion of 
zero-crossing mean wave period using the PQP-AVISO-model 
has the highest precision of the six models. Several accuracy in-
dicators for the PQP-AVISO-model are the best, i.e., the bias is 
−0.27 s, the RMSE is 0.86 s and the scatter index SI is 0.15. More-
over, the inversion accuracies of the PQ-AVISO-model and the 
MWP-NN-model are also higher than the Miao-QP-model, the 
Miao-PQP-model and the H98-model. Therefore, the PQP-AVI-
SO-model is the most suitable for zero-crossing mean wave pe-
riod inversions in the China's seas. The values of zero-crossing 

mean wave period for each grid point were calculated using the 
PQP-AVISO-model from September 2009 to August 2013.

4 Wave energy actual application value
The actual application value of a wave power project is im-

portant to consider before constructing a wave power farm. The 
annual effective energies Ee (Ee=Pw×365×24×UHS

, UHS
 is the fre-

quency of the significant wave height being greater or equal to 
0.5 m, which is the effective wave power per unit wave front; 
Zheng and Lin et al., 2013) at Stas kzscd, 010 and kzszs were 
used to analyze the value of the wave power farms construct-
ed in these locations. Satisfying the power demands of island 
residents was considered the goal of the wave power farms in 
nearshore waters. According to the Shandong Statistical Infor-
mation Net and the Zhejiang Provincial Bureau of Statistics Net, 
the annual per capital power consumptions in the areas adja-
cent to these three buoy stations are 487, 676 and 716 kW·h, re-
spectively. The average power consumption is 626 kW·h, which 
can be used as an index of per capital power consumption. 
Power supply ability for a residential electricity consumption 
in adjacent islands from the wave energy per 1 km wave front 
a at three buoy stations are illustrated in Table 3. At Sta. kzscd, 
the wave energy can provide an annual power consumption of 
16 800 people (39% of the total population) in Changdao Coun-
ty. The available energy at Sta. 010 is equivalent to an annual 
power consumption of 24 000 people. Station 010 is adjacent 
to Lingshan Island, which has a population of approximately 
2 700. Thus, the available energy in this area can provide ap-
proximately 9 years of power for residents, which is valuable on 
Lingshan Island where energy resources are scarce. At Sta. kzszs, 
the available energy is equivalent to an annual power consump-
tion of 95 700 people in the Zhoushan Islands. Therefore, the 
wave energy resources should be efficient supplemental source 
of energy for these areas, and the utilization of the wave energy 
should reduce the consumption of the conventional energy.

5 Wave energy assessments in offshore areas of China
The significant wave height and wind speed data for four re-

cent years in the China's seas were from the AVISO multi-satel-
lite merged altimeter data; zero-crossing mean wave period val-
ues were subsequently calculated using the PQP-AVISO-model 
and converted to determine energy period. On the basis of the 
acquired wave data and the WD-model, we calculated Pw and 
several evaluation indexes and assessed the wave energy re-
sources in offshore areas of China.

5.1 Characteristics of wave energy resources
The annual average and seasonal average Pw distributions 

that were calculated from the altimeter data are shown in Fig. 3. 
Pronounced regional and seasonal variations in the wave power 
density are present in the China's seas. The areas with large Pw 
values (approximately 14.0–18.5 kW/m) are primarily located in 
the north-central part of the South China Sea, the Luzon Strait, 
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east of Taiwan, China and the Philippines. Because the wave en-
ergy resources are affected by the East Asia monsoon, these re-
sources exhibit pronounced differences in their seasonal distri-
butions. The Pw values are the largest in all areas of the China's 

seas in winter because of cold waves and gales that are caused 
by the northeast monsoon. Specifically, the Pw values are 1–9 
kW/m in the Bohai Sea and the Yellow Sea and 9–16 kW/m in the 
East China Sea. Large Pw values (approximately 22–27 kW/m) 
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Fig. 2. Scatter plots of zero-crossing mean wave period calculated using the QP-AVISO-model (a), the PQP-AVISO-model (b), the 
MWP-NN-model (c), the H98-model (d), the Miao-QP-model (e) and the Miao-PQP-model (f) versus zero-crossing mean wave pe-
riod from the ECMWF ERA-Interim dataset
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are located in the central part of the South China Sea, the Lu-
zon Strait and east of the Philippines. Because of the effects of 
the ocean weather, the Pw values are the smallest (1–9 kW/m) in 
the Bohai Sea, the Yellow Sea and the East China Sea in spring. 
The Pw values near Taiwan decrease to 10 kW/m; the areas of 
large Pw values are located in northeast of the Philippines. The 
Pw distributions in most areas of the China's seas in summer 
are similar to those in spring because the monsoon is relative-
ly weak. In summer, the areas of large Pw values (12–15 kW/m) 
move from northeast of the Philippines to near the Ryukyu Is-
lands because of tropical storms. In autumn, a Mongolian high 
pressure is regenerated. The Pw values in most areas of the Chi-
na's seas are slightly lower (approximately 2–4 kW/m) less than 
those in winter, and the Pw values in the East China Sea and the 
Beibu Gulf remain the same. These results are consistent with 
those of Zheng and Pan et al. (2013) and Zheng and Li (2011).

5.2 Richness of wave energy resources
The richness of wave energy resources is an important fac-

tor in identifying ideal locations for wave power plants. Ren et 
al. (2008), Ren et al. (2009) and Zheng and Pan et al. (2013) in-
dicated that wave energy is available when Pw 2 kW/m and is 
rich when Pw 20 kW/m. In this paper, the frequencies of Pw 2 
kW/m and Pw 20 kW/m, which are called the usable level fre-
quency (ULF) and the rich level frequency (RLF), respectively, 
were calculated using the altimeter data (Fig. 4). The Bohai Sea 
has the smallest ULF (less than 40%). Moreover, the Yellow Sea 
has ULF values of 40%–80%, and more than 70% of the East Chi-
na Sea and the South China Sea contains areas of Pw 2 kw/m 
throughout the year. Large ULF areas are primarily located in 

the southern part of the East China Sea, the northeastern part of 
the South China Sea, the Luzon Strait and east and southeast of 
Taiwan. The RLFs in the Bohai Sea and the Yellow Sea are small 
(less than 6%), and the RLFs in the East China Sea are between 
10% and 15%. Large areas of RLF are primarily located in the 
central part of the South China Sea, the Luzon Strait and east 
and southeast of Taiwan; however, the frequencies are less than 
33%. In general, most areas of the China's seas do not contain 
rich wave energy resources; however, the wave energy is avail-
able. These results are similar to the findings of Zheng and Pan 
et al. (2013), while the values presented in this study are higher, 
which is most likely due to the differences in significant wave 
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Fig. 3. Multiyear mean wave power density (kW/m) distributions: annual (a), winter (b), spring (c), summer (d) and autumn (e).
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height.

5.3 Stability of wave energy resources
Cornett (2008) found that the wave energy variation (stabil-

ity) is an important factor that affects the feasibility of wave en-
ergy resource exploitation projects. The wave energy stability is 
more important than the wave energy reserves, and a stable en-
ergy is advantageous for exploitation and utilization. The wave 
energy stability is quantified via several indexes, such as the co-

efficient of variation (COV), i.e., 2
w w w

1
COV (1/ ) ( ) /

N

i
N P P P ,  

the seasonal variability index (SV), i.e., SV=(Ps1−Ps4)/Pyear, and 
the monthly variability index (MV), i.e., MV=(PM1−PM12)/Pyear, 
where wP  is the mean wave power density, Ps1 and Ps4 are the 
maximum and minimum seasonal mean wave power densities, 
respectively, PM1 and PM12 are the maximum and minimum 
monthly mean wave power densities, respectively, and Pyear is 
the annual mean wave power density. Higher index values indi-
cate larger wave energy variations and decreased stability com-
pared with lower index values.

The COV, SV and MV of Pw were calculated from four years 
of AVISO altimeter data. The COV, SV and MV distributions are 
shown in Fig. 5 and indicate that the wave energy stability is rel-
atively poor in the Bohai Sea, the Yellow Sea, the southwest part 
of the South China Sea and east and south of the Philippines. 
The COV, SV and MV values in most areas of the Bohai Sea are 
greater than 1.4, 1.0 and 1.6, respectively. In most areas of the 
Yellow Sea, the COV values are 1.2–1.6, the SV values are 0.6–1.0 
and the MV values are 1.0–1.6; the monthly variation is signif-
icant. In the southwest part of the South China Sea, the COV 
values are generally greater than 1.2, the SV values are greater 
than 1.0 and the MV values are greater than 1.6, which is similar 
to the oceanic region that is located east and south of the Phil-
ippines. The East China Sea and the waters northeast of Taiwan 
are areas of relatively stable wave energy, which is especially 
reflected in the seasonal and monthly variations, where the SV 
and MV values are less than 0.6 and 1.2, respectively. The wave 
energy is relatively stable in the north-central part of the South 
China Sea, the Luzon Strait and the waters east and south of Tai-
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wan. These results are consistent with those of Cornett (2008); 
however, the values presented herein are slightly smaller.

5.4 Total wave energy and its seasonal variation
The wave energy reserve is also one of important factors for 

wave energy assessment in typical areas. In this study, the total 
wave energy is defined to denote reserve. A synoptics method 
and a climatology method are two main methods for the total 
wave energy calculation in recent years (Li et al., 1984; Ma and 
Yu, 1983) in which the climatology method is a better choice 
because a long-term average is used in this method which can 
present a long-term trend. The process of the climatology meth-
od is as follows: first, the wave energy density (E) which can be 
calculated using Eq. (4) is calculated for each grid; then wave 
energy is equal to wave energy density multiplying area for each 
grid. The total wave energy is the sum of the wave energy for 
each grid. In this paper, using the climatology method and the 
AVISO data, four seasonal total wave energy are calculated for 
the China's seas and shown in Fig. 6. The total wave energy in 
winter, spring, summer and autumn are 9.216 6, 3.981 9, 3.654 7, 
7.283 9 PJ respectively. Pronounced seasonal variations in the 
total wave energy are also present in the China’s seas. The total 
wave energy is larger in winter and autumn than at in spring 
and summer; so the wave energy exploitation is mainly in win-
ter and autumn.

5.5 Distribution of total wave energy density according to 
wave state
When assessing the wave energy, we also need consider the 

actual demand for the WECs. The evaluating indexes must com-
bine with the WECs. So several factors that affect the design of 
WECs must be further examined. Several studies have shown 
that the wave height and the wave period are two important pa-
rameters for determining the component dimensions in pneu-
matic WECs, Isaacs wave energy pumps and Kayser wave ener-
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gy generators (Li et al., 1984).
In this study, we focus on the distribution of the total wave 

energy density (the mean of the sum of Pw multiplied by the 
number of hours in a year (MW·h/(m·a)) according to the wave 
state which can be used to design the WECs to improve the utili-
zation ratio of wave energy resources. From 4 years of the AVISO 
altimeter data, the ratio of the total wave energy density with 
0.5 m significant wave height 4 m, 4 s energy period 10 s to 
total wave energy density with all wave state were calculated to 
determine the distribution of total wave energy density accord-
ing to the wave state in the China's seas which is shown in Fig. 
7. As shown in Fig. 7, except for very coastal waters, in other sea 
areas in the China's seas, the energy are primarily from wave 
state with 0.5 m significant wave height 4 m, 4 s energy pe-
riod 10 s; within this wave state, the wave energy accounts for 
80% above of total wave energy. This characteristic is advanta-
geous to designing the WECs. The WECs can be commonly used 
in all areas, have higher wave energy availability and reduce 
effectively the cost of design and construction for the WECs if 
they are designed to accommodate the range of dominant wave 
states identified by the above described criteria.

6 Conclusions
Wave energy resources were assessed for the China's seas 

based on an AVISO altimeter wave data set. The conclusions of 
this study are as follows.

(1) A parameterized model of the wave power density that 
considers the effects of the water depth was introduced (the 
WD-model). Several comparisons between the WD-model and 
the EM-model were performed based on buoy data. The results 
show that the EM-model underestimates the wave power densi-
ty and that the underestimation increases with increasing wave 
conditions, which has a large effect on the total wave energy 
reserves.

(2) On the basis of the relationship between the nondimen-
sional wave height and the wave age, three novel mean wave 
period inversion models were established using the AVISO data 
and the ERA-Interim data, including the QP-AVISO-model, the 

PQP-AVISO-model and the MWP-NN-model. The PQP-AVI-
SO-model is the best model and is suitable for mean wave peri-
od inversions in the China's seas.

(3) The wave energy resources were assessed in the China's 
seas for the first time using the altimeter wave observation  data 
set. The results indicate that pronounced regional and seasonal 
variations in the wave power density are present in the China's 
seas. Areas of large Pw values (approximately 14.0–18.5 kW/m) 
are located in the north-central part of the South China Sea, the 
Luzon Strait and east of Taiwan and the Philippines. The distri-
bution of the wave energy resources also has seasonal differenc-
es due to the East Asia monsoon. The wave energy is abundant 
in autumn and winter and poor in spring and summer. The Bo-
hai Sea has the smallest ULF area. However, the Yellow Sea has 
the ULFs that are also small. The East China Sea and the South 
China Sea have higher ULFs, i.e., greater than 70% throughout 
the year. Areas of high ULFs are located in the south part of the 
East China Sea, the northeast part of the South China Sea, the 
Luzon Strait and east and southeast of Taiwan. The East China 
Sea and the waters northeast of Taiwan are relatively stable ar-
eas of the wave energy with SV values less than 0.6 and MV val-
ues less than 1.2. Pronounced seasonal variations in the total 
wave energy are also present in the China's seas. The wave en-
ergy exploitation is mainly in winter and autumn. In addition, 
except for very coastal waters, in other sea areas in the China’s 
seas, the energy is primarily from wave state with 0.5 m sig-
nificant wave height 4 m, 4 s energy period 10 s; within this 
wave state, the wave energy accounts for 80% above of the total 
wave energy. This characteristic is advantageous to designing 
the WECs. The results are consistent with other studies, indicat-
ing that this novel observation method using altimeters is valid 
for assessing the wave energy in the China's seas.

(4) The wave energy resource should be an efficient supple-
mental source of energy for some areas, and the utilization of 
the wave energy should reduce the consumption of the conven-
tional energy.
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