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Abstract

The northern coastal region of the South China Sea (SCS) is the key area for wave energy research and application. Planning
or wave energy resources and equipment development depends on the accurate assessment of energy distribution and variation
haracteristics. Based on in situ observation data for 19 months, this paper systematically assesses the wave energy resources
f three typical coastal sites in the northern SCS. The results show that wave energy resources have significant temporal and
patial variabilities. The eastern part of the SCS’s northern shore has the most energy, followed by the western part and the
enter part. The mean energy densities during the observation period are 2.1, 0.75, and 0.33 kW/m, respectively. The energy
ensity is relatively high in summer, followed by winter and autumn, and relatively low in spring. For example, the mean
nergy densities on the northeast coast of the SCS in the four seasons are 3.1, 1.8, 1.7, and 1.2 kW/m, respectively. Based on
tatistics for three in situ sites, the considerable energy is mostly contributed by the sea state with a wave height between 0.5 m
nd 1.5 m and a period between 5 s and 9 s. This study emphasizes the importance of in situ observations for wave energy
easurement in nearshore locations, and the results may provide support for the planning and utilization of wave energy in

he northern SCS.
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1. Introduction

Ocean wave energy has the advantages of green, clean, sustainable utilization, and great development potential.
t is implemented as a strategic resource in the world [1,2]. With technological progress of the energy collection
quipment, the economic competitiveness of wave energy will continue to increase, which has great development
alue and application prospects [3,4]. For offshore projects with high power grid construction costs, such as marine
anches, observation equipment, and drilling platforms, wave energy can effectively provide flexible and low-cost
ower guarantees.

The nearshore region of the northern South China Sea (NSCS) has frequent global economic activities and is
lso the priority area for marine resource development and utilization. The region has many marine ranches and
arine power test sites. It is important to objectively assess the wave energy resources in response to the technical

evelopment and application needs of power generation [4–6].
At present, many studies have contributed efforts to the evaluation of wave power of the South China Sea (SCS).

ince data from long time series are required, the data used for wave energy calculation are generally based on
he results of numerical models. Many mature numerical models, such as Simulating Waves Nearshore and Wave

atch III, were applied to wave energy assessments (e.g., [7–10]). However, most of the existing researches mainly
mphasized their results on the whole SCS and other open sea areas; for coastal waters, numerical models often
annot directly provide reliable calculation results. This is because coastal waters are more affected by terrain
nd other factors, and the resolution of general numerical models has difficulty effectively describing the impact
f coastal terrain on waves [10–12]. Although several studies have assessed wave energy resources by deploying
bservation equipment and using field-measured wave data in the NSCS [6,13], most of the reported evaluation
tudies are for a local sea area, while there are still few studies on simultaneous monitoring for different regions in
he NSCS.

In this study, typical stations were established in the NSCS’s eastern, middle, and western coastal zones to
arry out long-term series observations of wave parameters (Fig. 1). Based on field observation data, the reserves,
tability, and seasonal differences in wave energy resources in the NSCS’s coastal areas are systematically assessed.
n addition, by comparing with the evaluation results of model reanalysis data, the importance of using observation
ata for nearshore wave energy evaluation is discussed.

Fig. 1. Locations of study sites; the color indicates topography; the abbreviations “SY” stand for Sanya, “TS” for Taishan, and “NA” for
Nan-ao. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2. Data and methods

2.1. In situ observations

In this study, three nearshore observation sites are set in the SCS’s north coast, in the west, middle, and east
(Fig. 1). Among them, the western site “SY” is located to the southwest Luhuitou Peninsula, Sanya City, Hainan

◦ ◦
Province (18.1 N, 109.5 E), the middle site “TS” is located in the south nearshore area of Taishan City, Guangdong
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Province (21.7◦N, 112.9◦E), and the eastern site “NA” is located in Shantou City, Guangdong Province, to the south
of Nan-ao Island (23.3◦N, 117.0◦E). The distances from the three sites to the shores are approximately 300 m. The
water depths of the SY, TS and NA sites are 14.1 m, 4.6 m, and 9.8 m, respectively.

Nortek acoustic wave and current profiler (AWAC) is used as the observation equipment at each study site. By
placing the AWAC at the sea bottom and using the surface acoustic tracing method, wave samples are observed
and collected upward. In this study, each sampling of AWAC lasted for 17 min with 2048 wave surface samples
obtained, and each sampling interval was 0.5 h. Through spectral analysis of the wave surface samples, wave
parameters including as significant wave height (Hs), main direction (Dp), and spectrum peak period (TP ) were
obtained. The AWAC is connected to a shore platform through a cable, and the shore platform generates power for
the AWAC through solar power. The shore-based platform transmits the observation data back to the laboratory in
real-time through a GPRS signal. Similar observation sites have been deployed in different nearshore regions in the
SCS [14,15].

The observation period in this study ranged from April 15, 2020, to November 30, 2021, and lasted for 19
months. The SY site has been deployed since April 2020, cable failure occurred in October 2020, was repaired in
May 2021, and continues to operate until now. The TS site was deployed from July 2020 until July 2021. The NA
site has been deployed since October 2020, overturned in equipment posture in May 2021, repaired in June 2021,
and has been in operation ever since. All three sites were run for more than one year.

2.2. Model reanalysis data

To verify the importance of the in situ observations to the estimation of wave energy for nearshore regions,
the output data produced by numerical models at the same periods as the in situ observation is employed. The
calculation results of the model data are compared with those based on the in situ observations. The ERA5 model
reanalysis data is employed in this study. The data is produced by the European Centre for Medium-Range Weather
Forecasts, distributed by the Copernicus Climate Data Store, and have been applied for multiple studies regarding
wave energy assessment (e.g., [2]). The calculation periods of the model data for the sites are the same as those of
the observation periods.

2.3. Assessment method of wave energy resources

According to the estimation algorithms proposed by previous studies [13,16], the energy density and period of
the waves are computed by:

Pw = 0.42Hs2T p (1)

T e = αT p (2)

where Pw and Te are the energy density (kW/m) and the energy period (s), respectively; α is an empirical coefficient
which is decided by the wave spectrum to determine the sea condition. We used a cautious approximation of 0.9 [17]
in this study.

Because stable wave energy is advantageous to energy acquisition and energy conversion, it is critical to assess
the stability for the design and development of wave energy converters (WECs) [17]. The coefficient of variation
(Cv) is applied to quantify the stability by the formula [18]:

Cv =

√ N∑
i=1

(
Pwi − Pw

)2
/N/Pw (3)

where N is the sample size of Pw.
The available level frequency (ALF) and the rich level frequency (RLF) are significant indicators for determining

how rich wave energy resources are. According to the analysis results of [19,20], ALF and RLF are defined as
follows:

F = n (Pw ≥ t, 0.5 m ≤ Hs ≤ 4 m) /N × 100% (4)

here s is the threshold value that t = 2 kW/m for F = ALF and t = 20 kW/m for F = RLF, and n is the sample
size in which Pw and Hs meet the appropriate conditions.
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3. Results and discussion

3.1. Statistical characteristics of wave energy

The observation results of the wave parameters (Hs, Tp, and Dp) and the calculation results of wave energy
density (Pw) at three stations are shown in Fig. 2. The wave energy roses at the sites can be obtained by further
statistics on the directional distribution of Pw (Fig. 3). The results show that the waves at the sites show typical
characteristics of nearshore waves. The waves mainly propagate from the open sea toward the shore, with the
direction relatively concentrated to shoreward. Due to the shallow effect of nearshore topography [21,22], Hs is
mostly below 1.5 m, and Tp is mostly below 10 s. Accordingly, Pw is below 5 kW/m most of the time. By comparing
the three sites, it can be found that the Hs and Pw of the NA site in the east are generally greater than those of
the other two sites, followed by the SY site and the TS site. The mean Pw of the NA, SY, and TS sites in the
observation period was 2.1, 0.75, and 0.33 kW/m, respectively.

Fig. 2. Observational series of significant wave height (Hs), main direction (Dp), spectrum peak period (Tp), and calculation results of the
wave energy density (Pw) at the three sites.

The difference in Pw among the three sites is related to the weakening effect of shallow topography [21,22]
n the wave propagation path. Previous studies have shown that the waves in the NSCS mainly come from the
uzon Strait in the east and propagate along the southwest by west direction [23]. In the nearshore area, the waves
re affected by the shoreline and underwater topography, deflect to the north, and gradually change into shoreline
ropagation [23,24]. By comparing the terrain in the NSCS, the location of the sites (Fig. 1), and the source direction
152



W. Chen, J. Liu, J. Li et al. Energy Reports 8 (2022) 149–158

t
s
t

s
4
u
a

3

(
m
w
t
T
A

Fig. 3. Wave energy roses at the three sites.

of wave energy (Fig. 3), it can be found that the southeast of the NA site faces the near open ocean, and the waves
arrive at the station shortly after they enter the NSCS from the Luzon Strait. Therefore, the waves are less affected
by the reduction in shallow water topography than the other two sites. The TS site has the shallowest water depth
among the three sites. Due to the long-distance shallow waters of the continental shelf that need to pass from the
deep sea to this area, the wave energy at the site is weakened to the highest extent. Although the SY site is far
from the Luzon Strait, the propagation process of the waves is mainly experienced in the deep-sea region in the
NSCS. Waves do not deflect to the north until approximately 18◦N and 110◦E, which is affected by shallow water
opography. Therefore, the wave energy in this area is still higher than that at the TS site. Previous observational
tudies have also shown that the Pw in the coastal region of Shenzhen, located in the middle of the north coast of
he SCS, is also low [13].

Clarifying the contribution of different sea states under certain Hs and Te on the total Pw is critical for WECs’
design (e.g., [8–10,13]). Our results show that the sea states contributing most to the wave energy are different for
SY, TS, and NA sites (Fig. 4). According to the observation results of SY sites, the wave energy in the west coastal
NSCS is mainly concentrated under conditions with a Te of 3–4 s and a Hs of 0.5–1.0 m. The results of the TS site
how that in the middle nearshore region, the wave energy is mainly contributed by the sea conditions with a Te of
–6 s and a Hs of less than 1.0 m. Observations at the NA site show that the wave energy is mainly concentrated
nder conditions with a Te of 4–5 s and a Hs of 0.5–1.0 m in the eastern nearshore NSCS. The results may supply
basic parameter reference for the WEC designs in similar regions.

.2. Seasonal variations of wave energy

The surface wind field of the SCS is dominated by monsoons [25], with strong northeasterly winds in winter
December to February), southwesterly winds in summer (June to August), and relatively weak winds during
onsoon transition periods in spring (March to May) and autumn (September to November). Correspondingly,
aves and wave energy also show seasonal variations [16,26]. Therefore, based on the observed data at three sites,

he data are further divided by seasons to estimate the seasonal variations of the energy in the NSCS (Figs. 5–7).
he analysis results show that the seasonal differences of the three sites are consistent. As shown in Fig. 5, the Pw,

LF, and RLF of the sites are relatively high in summer, which is followed by winter and autumn seasons, and are
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Fig. 4. Distributions of Pw contribution under different sea states represented by Te and Hs averaged over the observation periods at the three
sites; the color represents the Pw contribution in certain Hs and Te combinations in a unit of percentage, the numbers mark the occurrence
times of certain Hs and Te combinations in a unit of hours per month, and the isolines indicate the Pw calculated by Eq. (1).

Fig. 5. Average values of Pw, ALF, RLF, and Cv in the four seasons and throughout the year at the three sites.

relatively low in spring. The stability difference is not obvious among seasons. Except for the SY site in autumn,
the Cv values fluctuate by approximately 1.

The results indicate that the seasonal variations of wave energy are mainly influenced by both monsoon and
coastal factors. Because local waves are influenced by swells propagating from the deep sea [24], the wave intensity
is related to the basin-scale wind field in the SCS. During the summer monsoon, waves generated by southwesterly
wind mainly propagate northward [16,26], and the waves reaching the sites are not blocked by the continental
shoreline (Fig. 6b); thus, wave energy resources are relatively more abundant. However, the waves generated by the
winter monsoon mainly propagate to the south. These waves are diffracted by shallow water topography and then
spread northwest to reach the nearshore sites (Fig. 6d). These waves have a path to be shallowed by topography
and refractive effects, making the wave energy remarkably lower than that during the summer monsoon. Spring
and autumn are in the monsoon transition period, so the coastal waves in the NSCS may come from the south or
southeast (Fig. 6a, c). Compared with spring, the monsoon transition period in autumn is relatively short, and the
wind speed is relatively high. Accordingly, the wave energy in the coastal SCS is able to maintain relative high
levels in autumn, compared to the situation in spring.

Further analysis of the wave energy distribution under different sea conditions shows that the contribution of
wave energy under different Hs and Te is different in the four seasons. As shown in Fig. 7, in summer, wave energy
is mainly concentrated in wave with 0.5–1.5 m Hs, while in other seasons, wave energy is mainly concentrated in
waves with 0.5–1.0 m Hs. On the other hand, the wave energy in spring and summer mainly concentrates on the
wave with a Te of 5–8 s, while in autumn and winter, the wave energy concentrates on the wave for a relatively
long period (7–9 s). Therefore, when designing WECs, more flexible design schemes should be adopted if possible
to meet the operational requirements of different sea conditions.
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Fig. 6. Wave energy roses in the four seasons average over the three sites.

Fig. 7. Similar to Fig. 4 but for the four seasons averaged over the three sites.

3.3. Comparison with the assessment based on model data

To verify the importance of field observation data for the wave energy assessment in nearshore regions, the
above wave power calculations were redone using ERA5 model reanalysis data. The results indicate that the
assessment may be larger than the actual situation if it is based on model outputs (Fig. 8), which may lead to
a waste of wave energy development. This inaccuracy may be due to the inadequacy of the numerical model in grid
resolution, topographic information, and computing resources, which makes it difficult to accurately describe the
wave dynamic process under shallow topography [11,12]. For example, waves in nearshore regions not only include
swells that come from the open sea but also include local waves affected by surface wind and underwater topography;
thus, the Pw in nearshore regions is generally less than that in offshore regions [27]. Such differences require
high-resolution numerical models with enough characterization capability for complicated wave dynamics [9,10].
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t

Fig. 8. Comparison of wave energy parameters calculated by in situ observations (plots in blue) and by ERA5 model data (plots in red);
(a) is the annual and seasonal mean of Pw and Cv, and (b) is the annual and seasonal mean of ALF and RLF.

Although several numerical models have been established specifically for local regions (e.g., [7,28]), the accuracy of
several models is still insufficient for relatively nearshore regions compared to the open sea region. It is necessary
to calibrate the model results for nearshore regions based on in situ observations before they are used for wave
energy assessments [11,28,29].

Moreover, the main energy distribution in different Te and Hs may be misjudged, if the model data are applied to
calculate the sea state contributions (Fig. 9). For example, the main energy contribution calculated by observed data
is provided by the sea state with 0.5–1 m Hs and 7–9 s Te. However, if the calculation is based on the model data,
he results show that the wave energy is mainly distributed at sea state with 1.5–2.5 m Hs and 6–8 s Te. Therefore,

assessments based on model data may underestimate the contribution of waves with lower wave heights and longer
energy cycles. Incorrect energy distribution results may further mislead the designs of WECs.

Fig. 9. Similar to Fig. 4 but for the average over the three sites and the four seasons, based on (a) in situ data, (b) ERA5 model data, and
(c) their difference (i.e., (b) minus (a)).

4. Conclusions

The wave energy resources in the northern coastal regions of the South China Sea were systematically assessed
using field observation data from three typical sites with a period of 19 months. The wave energy resources at the
Nan-ao site in the east nearshore region are relatively high, followed by the Sanya site in the west nearshore region
and the Taishan site in the middle nearshore region. Their average wave energy densities during the observation
period are 2.1, 0.75, and 0.33 kW/m, respectively. The resources in the region are affected by the monsoon and local
topography, showing obvious seasonal variation characteristics. The energy density is relatively high in summer,
low in spring, and moderate in winter and autumn. The energy is mainly contributed by the sea state with 0.5–1.5 m
significant wave height throughout the year. The energy is mainly distributed in the energy period of 5–8 s during
spring and summer, while in the period of 7–9 s during winter and autumn. Further analysis shows that if the wave
energy assessment is based on model data in the nearshore region, it may overestimate the wave energy density or
misjudge the main sea state contributions most to the total wave energy, resulting in a waste of development cost,
or the designed device cannot reach the optimal performance. These results may provide reference knowledge and
technical parameters to support the wave energy planning and development in the region.
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