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Abstract

The seasonal variability of the significant wave height (SWH) in the South China Sea (SCS) is investigated using
the most up-to-date gridded daily altimeter data for the period of September 2009 to August 2015. The results
indicate that  the SWH shows a  uniform seasonal  variation in the whole SCS,  with its  maxima occurring in
December/January and minima in May. Throughout the year, the SWH in the SCS is the largest around Luzon
Strait  (LS) and then gradually decreases southward across the basin.  The surface wind speed has a similar
seasonal variation, but with different spatial distributions in most months of the year. Further analysis indicates
that the observed SWH variations are dominated by swell. The wind sea height, however, is much smaller. It is the
the largest in two regions southwest of Taiwan Island and southeast of Vietnam Coast during the northeasterly
monsoon, while the largest in the central/southern SCS during the southwesterly monsoon. The extreme wave
condition also experiences a significant seasonal variation. In most regions of the northern and central SCS, the
maxima of the 99th percentile SWH that are larger than the SWH theoretically calculated with the wind speed for
the fully developed seas mainly appear in August–November, closely related to strong tropical cyclone activities.
Compared with previous studies, it is also implied that the wave climate in the Pacific Ocean plays an important
role in the wave climate variations in the SCS.
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1  Introduction
The South China Sea (SCS) is the largest semi-enclosed sea in

the western tropical Pacific Ocean, and has a large northeast-
southwest oriented abyssal basin (e.g., Liu et al., 2008). It is cru-
cial to elucidate changes in the wave climate of the SCS in the
design and operation of offshore industries, the selection of ship
routing, the assessment of the wave energy, and the risk assess-
ment of the future vulnerability to possible coastal disasters. In
the literature, the wave climate in the SCS has attracted many at-
tentions, which mainly focus on its variations on seasonal, inter-
annual and decadal time scales, and also its long term trends
(e.g., Yu, 1984; Chen, 1987; Chen et al., 2006; Qi et al., 1997; Qi
and Shi, 1999; Zhou et al., 2007; Guo et al., 2012; Li et al., 2012;
Zheng et al., 2014; Zong and Wu, 2014; Wan et al., 2015; Zhu et
al., 2015).

On the basis of TOPEX satellite altimetry observations from
December 1992 to March 2005, Chen et al. (2006) found that in
the SCS the temporal variations of the significant wave height
(SWH) were dominated by the seasonal variation. They argued
that the seasonal mean SWH was the largest in winter, while the
smallest in summer. This result is roughly consistent with the ob-

servations obtained by GEOSAT satellite (Qi et al., 1997) and nu-
merical simulations (e.g., Zhou et al., 2007). On the other hand,
however, there are also many other studies proving that the SWH
is the weakest in spring (mainly in April and May) using ship ob-
servations, satellite observations, and also numerical simula-
tions (e.g., Yu, 1984; Qi and Shi, 1999; Li et al., 2012). As for the
spatial distributions of the SWH in the four seasons, there is also
a debate. During the winter northeasterly monsoon, most re-
searchers agree that the SWH is the largest in the northern SCS,
and basically decreases southward across the ocean basin (e.g.,
Yu, 1984; Chen, 1987; Qi et al., 1997; Chen et al., 2006; Li et al.,
2012; Wu et al., 2014; and others), while some numerical results
support that it is the largest in the central/southern SCS (e.g.,
Zhou et al., 2007; Zong and Wu, 2014). During the summer south-
westerly monsoon, the debate is similar. On one hand, some re-
searches indicate that the SWH is larger in the central/southern
SCS than in the northern SCS (e.g., Yu, 1984; Qi et al., 1997; Zhou
et al., 2007; Zong and Wu, 2014). On the other hand, a lot of stud-
ies demonstrate that the SWH in this season is the largest in the
northern SCS (e.g., Gulev et al., 2003; Chen et al., 2006; Li et al.,
2012; Wu et al., 2014).  
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Therefore, the major goal of the current study is to investigate
the seasonal variation of the SWH in the SCS using the most up-
to-date gridded observations merged from all available satellite
missions. Then we attempt to examine the contributions of swell
and wind sea to the seasonal SWH variations using the method
proposed by Chen et al. (2002). At last, the seasonal variation of
extreme wave conditions is discussed. The outline of this paper is
as follows: Data and methods are described in Section 2; Section
3 gives the results; and Section 4 presents the summary and dis-
cussion.

2  Data and methods

2.1  Satellite altimeter data and wind reanalysis
The satellite altimeter data used in the current study are the

near-real-time gridded SWH with a horizontal resolution of
1.0°×1.0° from the multimission merged product of Aviso
(http://www.aviso.altimetry.fr/en/home.html). The altimeter
missions that are used to prepare the data product include GEO-
SAT, ERS-1, ERS-2, TOPEX, Jason-1, Jason-2, ENVISAT, and so
on. A merged map of the SWH is generated only when there are
at least two missions available and the data are cross-calibrated
using OSTM/Jason-2 as reference mission (http://www.aviso.al-
timetry.fr/en/home.html). The merged SWH lasts from Septem-
ber 14, 2009 to present with a time interval of one day, and the
data before September 2015 are used here to examine the sea-
sonal wave height variability in the SCS.

Along with the SWH data, Aviso has also provided merged
gridded observations of the sea surface wind speed. However, as
stated in Chen et al. (2002), the altimeter wind speed measure-
ments can be considerably affected by long waves. Therefore to

help the current analysis, we adopt the wind speeds at 10 m
above the sea surface from the ERA Interim (ERA-I) (Dee et al.,
2011) reanalysis, which is the most up-to-date global atmospher-
ic reanalysis produced by the European Center for Medium-
Range Weather Forecasts (ECMWF). The ERA-I sea surface winds
are downloaded from http://apps.ecmwf.int/datasets/data/in-
terim-full-daily/levtype=sfc/ with a time interval of 6 h and a ho-
rizontal resolution of 0.125°×0.125°. For easy comparison, the 6 h
sea surface winds are averaged to get the daily means for the
same period to the merged SWH.

Figure 1 shows the climatological SWH and surface wind
speeds. As shown in Fig. 1a, there is a tongue of high SWH that
extends from the western North Pacific Ocean into the SCS
through the Luzon Strait (LS). Therefore the SWH in the SCS is
highest around the LS and then gradually decreases southwest-
ward across the basin, consistent with previous observations
(e.g., Yu, 1984; Gulev et al., 2003; Chen et al., 2006), numerical
simulations (e.g., Zheng and Zhou, 2012; Zheng and Li, 2015),
and also global wave reanalysis (e.g., Wu et al., 2014). The mean
SWH in the northern SCS is generally above 1.5 m, while that in
the southern shelf region is lower than 1.0 m. The climatological
mean surface wind speed shows similar spatial distributions,
generally strong in the northern and central SCS while weak in
the southern SCS (Fig. 1b). Instead of monotonically decreasing
southwestward across the SCS Basin, however, the surface wind
speed shows local maxima in two regions, one locating around
south of Taiwan Island and the other southeast of Vietnam Coast
(around 9°–12°N, 108°–111°E). The maximum wind speeds in the
two regions are both about 7.7 m/s.

In Fig. 1c, we compare the monthly time series of the area-av-
eraged SWH and the surface wind speed over the whole SCS
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Fig. 1.   Comparison of the SWH and sea surface wind speed in the SCS. a. Climatological SWH (m). The contour interval is 0.1 m. b.
Climatological ERA-I wind speed at 10 m above the sea surface (m/s). The contour interval is 0.5 m/s. c. Monthly time series of the
SWH (black line) and surface wind speed (gray line) averaged over the whole SCS from October 2009 to August 2015.
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Basin. As we can see, the two time series agree quite well with
each other. Their linear correlation coefficient is about 0.96
above the 95% confidence level, indicating significant in-phase
variations both on the seasonal and interannual time scales. An-
other prominent feature in this figure is that the SWH shows sim-
ilar significant seasonal variations in all the six years of interest,
generally being the largest in winter and the smallest in boreal
spring. And the most important is that the seasonal variation ob-
viously dominates the monthly time series (e.g., Chen et al.,
2006).

Figure 2 shows the standard deviation (STD) of the monthly
SWH and surface wind speed calculated over the whole period.
Interestingly, the two variables show quite similar spatial vari-
ations, both have a band of high values along a northeast-south-

west tilt line from the southwest of Taiwan Island to southeast of
Vietnam Coast. There are two local maxima locating in the north-
eastern and southwestern parts of the band, respectively, for both
SWH and wind speeds. Carefully inspecting the figures, one can
see that the northern/southern local maximum of the SWH is
slightly south/north of that of the surface wind speed. The largest
STD of the monthly mean SWH is about 0.64 m and appears
around 17.5°N, 116°E. The STD maximum of the monthly SWH
just east of the Vietnam Coast is about 0.61 m and located around
12°N, 110.5°E. On the other hand, the largest STD of the monthly
mean surface wind speed is about 2.2 m/s and occurs around
19°N, 118°E. The STD maximum of the monthly surface wind
speed southeast of the Vietnam Coast is about 2.1 m/s and loc-
ated around 10.2°N, 109.7°E.

2.2  Methods
The satellite observed SWH is the sum of contributions from

wind sea and swell. In the present study, the SWHs of the wind
sea and swell are separated using the method proposed by Chen
et al. (2002). The SWH and the sea surface wind speed, based on
previous studies, follow a monotonical relationship under a
growing sea up to the fully developed stage. Many methods have
been developed to calculate the SWH for fully developed seas
(e.g., Sverdrup and Munk, 1947; Pierson and Moskowitz, 1964;
Ewing and Laing, 1987; Hasselmann et al., 1988; Pierson, 1991).
Among them, the WAM-derived expression has an intermediate
overall growth rate for the wind speed ranging from 0 to 50 m/s
(Pierson, 1991), and is thus deemed to be the most appropriate
(Chen et al., 2002). The SWH (Hsw, w) for fully developed seas, ac-
cording to the WAM results (Hasselmann et al., 1988), is ex-
pressed as

H sw; w = 1:614£ 10¡2U2 for 0 6 U < 7:5 m=s; (1a) 

H sw; w=10¡2U2+8:134£10¡4U3 for 7:5 m=s 6 U < 50 m=s; (1b) 

where U is the ERA-I wind speed at 10 m above the sea surface.
The observed SWH which is smaller than the Hsw, w is seen

from a growing sea, while that larger than the Hsw, w is quite prob-
ably swell dominated (Chen et al., 2002). Though being not ne-
cessarily to be valid in an absolute sense due to the complexity of
the wind-swell coupling, the above inference is expected to give a
meaningful classification of the two regimes from a statistical
point of view (Chen et al., 2002). Then two probability indices can

be defined to quantify the frequencies of occurrences of the wind
sea and swell as

Ps = N s=N ; (2a) 

Pw = Nw=N ; (2b) 

where Ns and Nw are the numbers of swell and wind sea domin-
ated events; and N is the total number of data points. As N=
Ns+Nw, Ps+Pw=1. Statistically describing the proportions of dom-
inance of the swell and wind sea, the swell and wind sea probab-
ilities can also be statistically approximated to the energy propor-
tions of the swell and wind sea to the total sea surface wave en-
ergy (e.g., Chen et al., 2002; Jiang and Chen, 2013). Based on the
above assumption and considering that the wave energy is pro-
portional to the square of SWH, the swell height (Hs) and wind
sea height (Hw) can be estimated from the SWH (Hsw) as follows:

H s = H sw
p
Ps ; (3a) 

Hw = H sw
p
Pw : (3b) 

The above method has been used in many studies (e.g., Chen
et al., 2002; Zhang et al., 2011; Jiang and Chen, 2013; Anoop et al.,
2015; Shanas and Kumar, 2015).

In this paper, the seasons always refer to those for the North-
ern Hemisphere; for example, summer refers to June, July and
August, and winter refers to December, January and February.
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Fig. 2.   Standard deviations of the monthly mean SWH (m) (a) and surface wind speed (m/s) (b). In Fig. 2a, the contour interval is 0.02 m
for the SWH smaller than 0.60 m and 0.01 m for the SWH larger than 0.61 m. In Fig. 2b, the contour interval is 0.2 m/s.

40 SU Hui et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 11, P. 38–50  



3  Results

3.1  SWH and wind speed
As the first expression, we give in Fig. 3a the climatological

monthly SWH averaged over the whole SCS. From the figure, we
can see that the SWH is the largest in December, while the smal-
lest in May. This is consistent with previous observations (e.g.,
Yu, 1984; Qi and Shi, 1999) and numerical simulations (e.g., Zhou
et al., 2007; Li et al., 2012). The SWH decreases rapidly from Janu-
ary to May, then increases slowly from June to September, and at
last increases rapidly from September to December. Figure 3b

shows the STD of the climatological monthly SWH in the SCS, de-
noting the strength of the seasonal variability. As expected, the
STD of the climatological monthly mean SWH, though being
slightly smaller, exhibits nearly the same spatial distribution to
that of the monthly SWH as shown in Fig. 2a. The two high STD
regions are same to those for the monthly time series (Fig. 2a).
The largest STDs in the two regions west of the Luzon Island and
east of Vietnam Coast are about 0.58 and 0.56 m, respectively,
both slightly smaller than those for the monthly time series. This
further confirms that the seasonal variation dominates the SWH
variations in the six years of interest (e.g., Chen et al., 2006).

Figures 3c and d exhibit the climatological annual maxima
and minima of the SWH in the SCS, respectively. Generally, both
of them share similar spatial variations to the climatological
mean SWH as shown in Fig. 1a, decreasing southward across the
SCS Basin from the LS. However, there is also difference. The
spatial variation of the climatological annual maximum SWH is
more like that of the climatological mean SWH, with the high
SWH tongue extending from the LS to the southern SCS. The cli-
matological annual minimum SWH, however, has its isolines tilt-
ing from southeast to northwest in the northern SCS while from
northeast to southwest in the southern SCS. In the SCS, the annu-
al maximum SWH basically ranges from 1.7 to 2.7 m, while the
annual minimum SWH ranges from 0.4 to 1.2 m.

Another interesting thing is that the whole SCS exhibits a uni-
form seasonal variation in the SWH, with the maxima occurring

in December/January and minima in May, consistent with that
shown in Fig. 3a and previous studies (e.g., Yu, 1984; Qi and Shi,
1999; Li et al., 2012). On the other hand, however, there are many
studies stating that the SWH is weakest in summer when consid-
ering the climatological seasonal means (e.g., Qi et al., 1997;
Chen et al., 2006; Zhou et al., 2007). This is different from our cur-
rent study. Actually, when considering the climatological season-
al means, the observed SWH is the largest in winter ranging from
1.5 to 2.4 m. In autumn, the SWH ranges from 0.9 to 2.2 m,
slightly smaller than that in winter. And the SWH is weakest in
spring and summer. In the two seasons (Figs 4a and b), the ob-
served SWH ranges from 0.7 to 1.5 m, much smaller than those in
winter and autumn. Figure 4c presents the difference of the SWH
between summer and spring. From the figure, we know that the
SWH in summer is generally larger than that in spring in regions
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Fig. 3.   Seasonal climatology of the SWH. a. The climatological monthly time series of the SWH averaged over the whole SCS; b. the
STD of the climatological monthly SWH in the SCS. The interval for black contours is 0.02 m. The gray line denotes the 0.55 m contour.
c. The maxima of the climatological monthly SWH. The contour interval is 0.10 m. d. The minima of the climatological monthly SWH.
The contour interval is 0.05 m.
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south of about 16°N, while in regions north of 16°N the situation
is reversed. The largest positive difference is about 0.5 m
occurring around 12°N, 115.5°E in the central SCS. Therefore, the
climatological SWH is weakest in summer in the northern SCS
north of about 16°N, while in spring in other regions. Figure 4d

compares the climatological monthly SWHs averaged over re-
gions north (black line) and south (gray line) of 16°N. In the
northern SCS, the mean SWH in spring is larger than that in sum-
mer by about 0.04 m, while in the central/southern SCS the
former is smaller than the latter by about 0.14 m.

Besides, in all the four seasons, the observed SWH in the SCS
is the largest around the LS and then gradually decreases south-
ward across the basin. This is consistent with previous results de-
rived from satellite and ship observations (e.g., Chen et al., 2006;
Gulev et al., 2003), model hindcasts (e.g., Li et al., 2012), and
wave reanalyses (e.g., Wu et al., 2014). However, it is quite differ-
ent from the picture derived by some other studies (Yu, 1984; Qi
et al., 1997; Zhou et al., 2007). Using ship observations, Yu (1984)
reported that the SWH decreases from north to south during the
northeasterly monsoon, while is the largest in the central SCS
during the southwesterly monsoon. Analyzing outputs of the nu-
merical simulation conducted with the WAVEWATCH-III model
(Tolman, 1990), Zhou et al. (2007) pointed that the largest SWH
occurs in the ocean interior far away from the LS in all the four
seasons. With the observations obtained by GEOSAT, Qi et al.
(1997) indicated that the SWH in summer is larger in the south-
ern SCS than in the northern SCS and there is a region around
10°N, 110°E with high SWH throughout the year, which is absent
in our current study. The differences between our current study
and previous observations are possibly because the latter are ob-
tained either by individual ships or by only one satellite mission

and thus may contain considerable errors (e.g., Gulev et al., 2003;
Semedo et al., 2011). On the other hand, the difference between
the present study and that derived by Zhou et al. (2007) is pos-
sibly due to errors in model outputs, which are not constrained
by observations and also the small model domain they adopted
(see Section 4).

With the significant seasonality in the SWH, it is also useful to
examine the seasonality in the sea surface wind speed. Figure 5a
displays the climatological monthly wind speed averaged over
the whole SCS Basin. Overall, the sea surface wind speed shows
the same seasonality to the SWH, being the strongest in December/
January and the weakest in May. However, it also has a weak
maximum in July and a weak minimum in September. The max-
ima in winter and summer correspond to the peak phases of the
northeasterly and southwesterly monsoons, respectively; while
the minima in May and September are associated with the two
sharp transitions (e.g., Yu, 1984; Tao and Chen, 1987; Qi and Shi,
1999; Fang et al., 2002; Ha et al., 2012; Zhai et al., 2014).

Figure 5b shows the STD of the climatological monthly mean
sea surface wind speed in the SCS, presenting the strength of the
seasonal variability. As expected, the STD of the climatological
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Fig. 4.   Climatological seasonal mean SWH (m) in spring (a) and summer (b) (contour interval: 0.1 m) and the difference of SWH
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monthly sea surface wind speed is also nearly the same to that of
the monthly counterpart as shown in Fig. 2b. Figures 5c and d
give the annual climatological maxima and minima of the sur-
face wind speed in the SCS, respectively. Generally, the annual
maximum wind speed shares similar spatial variations to the cli-
matological mean wind speed as shown in Fig. 1b. There are two
regions with high wind speed locating southwest of Taiwan Is-
land (around 19.5°N, 117.4°E) and southeast of Vietnam Coast
(around 10.5°N, 109.7°E), respectively. The largest wind speeds in
these two regions are 10.6 and 11.1 m/s, respectively. On the oth-
er hand, the annual minimum wind speed is the largest in the
northwestern SCS and then decreases both eastward and south-
ward.

The annual maximum wind speed occurs in December/Janu-
ary for the whole SCS basin (figure not shown). The annual min-
imum wind speed appears in May for most regions of the SCS,
while in April and September in two small regions east of Viet-
nam around 15°N, which is different from the minimum SWH.
Considering the four seasons in the year, the climatological sea-
sonal mean wind speed is the largest in winter ranging from 5.0
to 10.0 m/s. In autumn it ranges from 4.0 to 8.0 m/s and is slightly
smaller than that in winter. The seasonal mean wind speeds in
both winter and autumn (figure not shown) share similar spatial
distributions to the climatological annual maximum wind speed
(Fig. 5c). Both have high values in regions southwest of Taiwan
Island and southeast of the Vietnam Coast. The maximum wind
speeds in the two regions are 9.4 and 10.0 m/s in winter, while 8.5

and 7.2 m/s in autumn, respectively.
As shown in Fig. 5a, the SCS averaged sea surface wind

speeds in spring and summer are much smaller than those in
winter and autumn. We then compare the mean surface wind
speeds in the two seasons in Fig. 6. In spring, the surface wind
speed basically decreases from north to south (Fig. 6a). South-
east of the Vietnam Coast there is still a small region with higher
wind speed than surrounding areas. However, the maximum
wind speed in that region is only about 5.9 m/s, much smaller
than those in other three seasons. On the contrary, the surface
wind speed in summer (Fig. 6b) is the the largest in the central
SCS and decreases both northward and southward (e.g., Xie et
al., 2003; Chu et al., 2004). Figure 6c gives the difference of the
surface wind speed between summer and spring, which exhibits
a meridional dipole structure. Therefore, the surface wind speed
is larger in summer than in spring in the central/southern SCS,
while the situation is reversed in the northern SCS. Indeed, in the
northern SCS the mean surface wind speed in spring is larger
than that in summer by about 0.06 m/s, while in the central/
southern SCS the former is smaller than the latter by about
0.91 m/s.

At last, we should note that the surface wind speed is also lar-
ger in summer than in autumn in most regions south of about
14°N (figure not shown), due to the strong southwesterly mon-
soon (e.g., Tao and Chen, 1987). Therefore, the surface wind
speed is weakest in summer in the northern SCS, while in spring
in the central/southern SCS. This, to a large extent, explains why
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Fig. 5.   Seasonal climatology of the ERA-I sea surface wind speed. a. The climatological monthly time series of the sea surface wind
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the SWH is weakest in summer in the northern SCS, while in
spring in the central/southern SCS (Fig. 4).

3.2  Swell and wind sea height analyses
According to Eq. (1), for the fully developed seas, the SWH

would be controlled solely by local sea surface winds, which
means that the seasonal variation of the SWH would completely
follow that of the sea surface wind speed. Overall, as shown in the
above subsection, the temporal variation of the SWH on the sea-
sonal time scale shows quite good correspondence with that of
the surface wind speed. However, there are also significant differ-
ences between the seasonal variations of the two variables, espe-
cially in their spatial distributions. The biggest difference is that,
in summer the SWH is the largest around the LS and then de-
creases from north to south (Fig. 4b), while the surface wind
speed is the largest in the central SCS (Fig. 6b). On the other
hand, the spatial distributions of the annual maxima and STD of
the SWH (Fig. 3) are also different from those of the surface wind
speed (Fig. 5). Besides, the disagreement of the SWH with the sea
surface wind speed in the SCS has also been noted by Chu et al.
(2004) and Li et al. (2012). All of these imply that the observed
SWH is not always dominated by the wind sea throughout the
year. Indeed, using satellite observations, Chen et al. (2002) in-
dicated that the global ocean was mostly dominated by the swell.
And according to their climatology, the swell probability in the

SCS is well above 80%. In another study (Hanley et al., 2010),
which uses the inverse wave age to determine the ocean being
either in the wind-driven wave regime (wind sea) or in the wave-
driven wind regime (swell), the authors also argued that the swell
is more prevalent in the tropics. From their climatology of the in-
verse wave age, the sea state in the SCS is always composed by
both wind sea and swell. Therefore, it is useful for the current
study to examine the probabilities of the swell and wind sea and
calculate their wave heights using the merged satellite observa-
tions.

Figure 7a displays the swell probability during the whole peri-
od of observations. In the SCS the swell probability is well above
67%, proving the swell dominance. Its spatial variation is well op-
posite to that of the sea surface wind speed, showing small probabili-
ties in regions with high sea surface wind speeds (Fig. 1b). Figure
7b gives the STD of climatological monthly swell probabilities.
For each month, the climatological swell probability is calcu-
lated using pairs of SWH and sea surface wind speed of that
month throughout 6 a. As shown in the figure, the STD is well be-
low 0.05 for most regions in the SCS, implying small seasonal
variations. Besides, we also note two regions with high STD val-
ues around (9°–12°N, 110°–113°E) and (17°–20°N, 116°–119°E), re-
spectively. As shown in Fig. 5b, these two regions also show high
STD values of the climatological monthly sea surface wind speed.
This may indicate the large wind sea contribution in the seasonal
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Fig. 6.   Climatological seasonal mean ERA-I wind speed (m/s) at 10 m above the sea surface in spring (a) and summer (b) (contour
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variations there. The climatological monthly time series of the
swell probability averaged over the two regions are shown in Fig. 7c.
Basically, the swell probability averaged in the region southwest
of Taiwan Island is the largest in boreal spring and the smallest in
winter, while that averaged in the region southeast of Vietnam
has two maxima in April and October and two minima in July
and December, respectively. These are well associated with the
strong seasonal variations of the sea surface wind speeds in the
two regions (Fig. 5a).

With the climatological monthly probabilities of the swell and
the wind sea, we calculate the wave heights of the swell and the
wind sea according to Eq. (3). As one can expected, in the SCS the
swell wave height (Fig. 7d) ranges from 1.0 to 1.8 m and is gener-
ally much larger than the wind sea height (Fig. 7e), which ranges
from 0.2 to about 0.8 m. That in the SCS the swell height is larger

than the wind sea height is consistent with previous ship obser-
vations (Yu, 1984; Gulev et al., 2003) and the global climatology
(e.g., Semedo et al., 2011) derived from the 45 a ECMWF reana-
lysis (ERA-40) (Uppala et al., 2005). Though being slightly smal-
ler, the swell height basically has the same spatial distribution to
that of the climatological mean wave height (Fig. 1a). On the oth-
er hand, the spatial distribution of the wind sea height is highly
like that of the sea surface wind speed (Fig. 1b), with two regions
of large wind sea height locating southwest of Taiwan Island and
southeast of Vietnam Coast, respectively.

Figure 8 compares the seasonal variations of the swell and
wind sea wave heights. As shown in the figure, the seasonal wave
height variations of both the swell and the wind sea are like those
of the merged SWH (Fig. 3). They are the largest in winter for the
whole SCS, while weakest in summer in the northern SCS and in
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Fig. 7.   The swell probability (%) calculated over the whole period (a); the STD of climatological monthly swell probability(%) (b); the
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spring in the central/southern SCS. The spatial distributions of
the swell height in the four seasons are consistent with those of
the merged SWH. The wind sea height, on the contrary, shows
different spatial variations. In fact, its spatial variation is quite
like that of the surface wind speed. During the northeasterly
monsoon, the wind sea height is the largest in two regions south-
west of Taiwan Island and southeast of Vietnam Coast, while dur-
ing the southwesterly monsoon it has higher values in the cent-
ral/southern SCS (e.g., Semedo et al., 2011).

Using observations obtained by individual ships, Yu (1984)
pointed out that the swell height ranged from about 1.0 m in the
southern SCS to above 2.0 m in the central/northern SCS during
winter monsoon, while from 1.0 to about 2.0 m in most regions in
the SCS during summer monsoon. His results agree well with the
swell height derived from merged satellite observations in terms
of both the temporal variation and exact values (Figs 8a and c).
On the other hand, he also indicated that the wind sea height
ranged from 1.0 to 2.0 m in the northern SCS, 1.0 to 1.5 m in the
central SCS, and was about 1.0 m in the southern SCS during the
winter monsoon, while is about 1.0 m in the northern SCS, about
1.2 m in the central SCS, and about 0.8–1.2 m in the southern SCS
during the summer monsoon. As shown in Figs 8e and g, the
wind sea heights obtained in the current study are much smaller
than those obtained by Yu (1984) in both monsoon seasons and
the climatology obtained by Gulev et al. (2003). This is possibly
due to errors contained in ship observations (e.g., Gulev et al.,
2003) and also because that for each grid point much more
samples have been used in preparing the merged satellite obser-
vations, which could possibly results in smaller averages.

3.3  Extreme wave conditions
Another important question related to the wave climate in the

SCS that has been rarely studied before is about the variations of
extreme wave conditions, which are crucial for the design of

coastal and offshore infrastructures, navigation, coastal manage-
ment, and so on (e.g., Sasaki et al., 2005; Izaguirre et al., 2011). In
the current study, the seasonal variability of the SWH at the 99th
percentile is studied. Figures 9a and b give the 99th percentiles of
the SWH and the sea surface wind speed for the whole period of
interest, respectively. In the SCS, the 99th percentile of the SWH
shows significant spatial variations, being large (>4.4 m) along a
band extending from northwest of Luzon Island to northeast of
Vietnam Coast, and then decreasing both northward and south-
ward. Its maximum value is about 4.9 m and appears around
(17.5°–18.5°N, 115°–118°E). The spatial distribution of the 99th
percentile of SWH derived here is roughly consistent with those
from ERA-40 global reanalysis and a coupled atmosphere-wave
model hindcast (Fan et al., 2012).

In the northern SCS, the 99th percentile of the sea surface
wind speed shows similar distribution to the 99th percentile of
the SWH, with a high value band extending from northwest of
Luzon Island to northeast of Vietnam coast (Fig. 9b). The maxim-
um sea surface wind speed of 16.5 m/s occurs around (17.5°–
19.5°N, 117.5°–120.5°E), slightly east of the maximum SWH. Then
the surface wind speed generally decreases both northward and
southward. In a small area southeast of Vietnam Coast, however,
it exhibits higher values than surrounding areas. Further analysis
indicates that the extreme high SWH and sea surface wind speed
mainly appear in the autumn (September, October, and Novem-
ber).

We then calculated the Hsw, w using the 99th percentile of the
surface wind speed and compare it with the 99th percentile of the
observed SWH. Shown as gray points in Fig. 9a, the Hsw, w larger
than the observed SWH is mainly located in the northern SCS
west of the LS and in a small area southeast of Vietnam Coast,
where the 99th percentile of the surface wind speed is also relat-
ively large (Fig. 9b).

Figure 10 gives the seasonal variation of the 99th percentile of
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the SWH. Calculated with all grid points in the SCS, the 99th per-
centile of the SWH has its maximum in October and minimum in
May (red line in Fig. 10a). We then calculate the Hsw, w with the
climatological monthly surface wind speed at the 99th percentile,
which is shown as the blue line in Fig. 10a. Overall, the Hsw, w is
larger than the observed SWH in September-December. This in-
dicates that the observed 99th percentile of the SWH is domin-
ated by the wind sea in these months, while by the swell in other
months. A large region centering around (16°N, 112°E) in the
northern SCS has the largest seasonal variation in the 99th per-
centile of the SWH (Fig. 10b). The largest STD of the climatologic-
al monthly SWH at the 99th percentile in that region can be as
high as 1.3 m. In the southern SCS, the 99th percentile of the
SWH is relatively low. However, it also shows high values (>0.9
m) in a small region around (5°–7°N, 106.5°–109°E). The spatial
distribution of the 99th percentile of the SWH is different from
that of the sea surface wind speed (figure not shown). The largest
seasonal variation in the surface wind speed at the 99th percent-
ile occurs just west of the LS, about 4°–6° east of that in the SWH
at the same percentile. This further confirms that the 99th per-
centile of the SWH is dominated by the wind sea or swell in dif-
ferent seasons.

Figures 10c and d give the maxima and minima of the clima-
tological monthly SWH at the 99th percentile in the SCS, respect-
ively. Generally, both of them decreases southward. The SWH cli-
matological monthly maxima range from 3.0–4.0 m in the south-
ern SCS to well above 5.0 m in the northern SCS. The largest
value is about 5.9 m and occurs around (18°N, 116°E) in the
northern SCS. The SWH climatological monthly minima in the
SCS, on the other hand, are well below 2.5 m and even below 2.0
m for most regions. As shown in Figs 10e and f, the maxima of the
climatological monthly 99th percentile SWH mainly appear in
August–November in most regions of the northern and central
SCS and in December/January in the southern SCS, while the
minima mainly appear in May. Therefore, the 99th percentile
SWH shows similar seasonal variation to the climatological
monthly mean SWH except in the northern/central SCS.

We then calculate the Hsw, w with the maxima of the climato-
logical monthly sea surface wind speed at the 99th percentile,
and then compare it with those of the SWH at the same percent-
ile. As indicated by the gray dots in Fig. 10c, the calculated Hsw, w

in the northern/central SCS is well larger than the observed 99th
percentile of the SWH. This proves that the SWH climatological
monthly maxima at the 99th percentile are dominated by wind

seas.
As the mean surface wind speed is smaller in autumn than in

winter, that the maxima of the 99th percentile of the SWH in the
northern/central SCS occur in boreal summer and autumn is ob-
viously associated with tropical cyclone (TC) activities. Indeed, in
the SCS and the western North Pacific Ocean the active TC sea-
son is from July to November (e.g., Li, 1988; Chia and Ropelewski,
2002; Liu and Chan, 2003; Chan, 2005; Wang et al., 2007).
Moreover, most of TCs in the SCS form in or pass through the
northern/central part and their tracks are mainly westward or
northwestward (e.g., Wang and Chan, 2002; Chan, 2005).

4  Discussion
In the current study, the seasonal variability of the surface

wave height and its relationship with that of the sea surface wind
speed in the SCS are carefully investigated with the most up-to-
date gridded altimeter data. One important implication of the
current results compared with previous studies is that the wave
climate in the Pacific Ocean plays an important role in the wave
climate variations in the SCS. The direct observational evidence
is that in all months of the year the SWH in the SCS is the largest
around the LS and basically decreases southward, while the high
SWH around the LS in the SCS is still smaller than that in the
western Pacific Ocean and thus is quite possibly the westward ex-
tension into the SCS of the latter (Figs 3 and 4).

The second evidence can be inferred from the model results
of Zhou et al. (2007) and Zong and Wu (2014). Different numeric-
al models have been utilized in the two studies. Zhou et al. (2007)
utilized the WAVEWATCH-III (Tolman, 1990), while Zong and
Wu (2014) used the SWAN (Simulating Waves Nearshore) (Booij
et al., 1999) model. In both numerical studies, the model domain
is well west of 125°E and south of 26°N. With this model configur-
ation, the effect of the wave climate in the western Pacific Ocean
on the SCS wave climate variations is excluded and the SWH in
the SCS would be only controlled by the surface wind forcing
over the SCS Basin. Therefore it is easy to understand their res-
ults that the SWH maxima appear in the southern SCS during
winter monsoon, while in the northern SCS during summer mon-
soon. The reason is that during the winter northeasterly mon-
soon the wind fetch length is larger in the southern SCS than in
the northern SCS, while during the summer southwesterly mon-
soon the situation is reversed. Extending the model domain east-
ward to about 131°E and northward to 41°N, Li et al. (2012) de-
rived roughly the same spatial distributions of the SWH to our
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current results in the four seasons. This, to a certain extent,
proves that the wave climate in the western Pacific Ocean is quite
important for the wave climate variations in the SCS, as waves
generated in the Pacific Ocean can propagate into the SCS
through the LS.

Third, on the basis of a series of numerical experiments with
WAVEWATCH-III, Alves (2006) quantified the ocean swell contri-
butions to the global wind-wave climate. According to his results,
the ocean swells generated in the whole north Pacific Ocean
could propagate into the SCS through the LS and therefore affect
the wave climate in the SCS. If neglecting the surface wind for-
cing over the SCS, these swells would result in the similar spatial
distributions of the SWH to those observed by satellites (Figs 3

and 4).

5  Summary
In this paper, the seasonal wave height variability in the SCS

is investigated with the most up-to-date gridded altimeter data
for the period of September 2009 to August 2015, which is merged
from all available satellite missions. On average, the SWH in the
SCS is the largest around the LS and then gradually decreases
southwestward across the basin. As for the temporal variations,
the satellite observations illustrate that the monthly time series is
dominated by a significant annual cycle.

Basically, the whole SCS exhibits a uniform seasonal vari-
ation in the SWH, with the maxima occurring in December/Janu-
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ary and minima in May. However, if considering the climatolo-
gical seasonal means, the SWH would be weakest in summer in
the northern SCS, while in spring in the central/southern SCS
(Fig. 4). This is quite possibly because in the central/southern
SCS the surface wind speed during the summer southwesterly
monsoon is larger than that in spring and autumn, and thus res-
ults in larger wave heights of both wind sea and swell (Fig. 8). As
regards the spatial distribution, the observed SWH in the SCS is
the largest around the LS and then gradually decreases south-
ward across the basin throughout the year.

The SWH generally shows consistent temporal variation on
the seasonal time scale with the surface wind speed. However,
the two variables have different spatial distributions in most
months of the year. The most significant difference appears in
summer, when the SWH is the largest around the LS and de-
creases southwestward across the basin (Fig. 4b), while the sur-
face wind speed is the largest in the central SCS (Fig. 5b). All of
these indicate that both swell and wind sea make important con-
tributions to the observed wave height variations. Then the wave
heights of the swell and the wind sea are separated according to
the method proposed by Chen et al. (2002) and their seasonal
variations are examined. The result indicates that the swell
height is generally larger than the wind sea height throughout the
year, and both of them are the largest in winter for the whole SCS,
while weakest in summer in the northern SCS and in spring in
the central/southern SCS (Figs 8a–d).

At last, the seasonal variation of the extreme wave condition
in the SCS, which has been rarely studied before, is examined.
During the whole period, the 99th percentile of the SWH exhibits
a significant spatial variation, being large (>4.4 m) along a band
extending from northwest of Luzon Island to northeast of Viet-
nam coast, and then decreasing both northward and southward.
Its  maximum value is  about 4.9  m and appears around
(17.5°–18.5°N, 115°–118°E). As for the seasonal variation, the 99th
percentile SWH calculated with all grid points in the SCS is the
largest in October and the smallest in May (Fig. 10a). A large re-
gion centering around (16°N, 112°E) in the northern SCS shows
the the largest seasonal variation in the 99th percentile of the
SWH (Fig. 10b), where the the largest STD of the climatological
monthly 99th percentile SWH can be as high as 1.3 m. Generally,
both maxima and minima of the climatological monthly SWH at
the 99th percentile in the SCS decrease southward. The maxima
of the climatological monthly 99th percentile SWH mainly ap-
pear in August-November in most regions of the northern and
central SCS and in December/January in the southern SCS, while
the minima mainly appear in May. As the mean surface wind
speed is smaller in autumn than in winter, the climatological an-
nual maxima of the 99th percentile of the SWH in the northern/
central SCS is obviously associated with the TC activities.

In conclusion, though the general characteristics of the sea-
sonal variations of the wave climate in the SCS have been extens-
ively described with observations, model hindcasts, and wave
reanalysis products, the exact dynamics at work is still unknown.
As discussed in Section 4, the sea surface winds both inside and
outside the SCS play quite important roles in controlling the sea-
sonal wave climate variations in the SCS. But their exact contri-
butions should be further quantified. Moreover, the LS should
also play an important role. Besides, there are still many other
questions to be resolved, such as the role played by the spatial
variation of water depth in the SCS, dynamics controlling the in-
terannual-to-decadal wave climate variations, and so on. All of
these would be further investigated through high resolution nu-
merical experiments and beyond our current scope.
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