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Abstract Based on the SeaFlux data set, an empirical parameterization, and a one-dimensional ocean
mixed-layer model, the annual and semiannual cycles of diurnal warming of sea surface temperature
(dSST) in the South China Sea (SCS) are examined. The amplitude of the annual cycle is greater than 0.1 °C,
and the annual cycle reaches its maxima in April/May/June in most areas of the SCS, while the amplitude of
the semiannual cycle of dSST increases from north to south with the month of its maxima changing from
February to March along a northwest-southeast axis. Relative to the amplitude of the annual cycle of dSST,
the semiannual cycle is of much smaller amplitude north of 17°N, but of comparable or larger amplitude
south of 17°N. The annual (semiannual) cycle of wind speed is the most important factor for the annual
(semiannual) cycle of dSST. The annual (semiannual) cycle of wind speed drives the annual (semiannual) cycle
of dSST primarily by influencing oceanic vertical turbulent mixing. Aside from these basin-scale features, the
dSST annual and semiannual cycles demonstrate robust mesoscale features in the lees of hills/islands as a
result of sheltering from the monsoon.

Plain Language Summary Based on the SeaFlux data set, an empirical parameterization, and a
one-dimensional ocean mixed-layer model, the annual and semiannual cycles of diurnal warming of sea
surface temperature (dSST) in the South China Sea are examined. The annual cycle of diurnal warming is
relatively large in the whole South China Sea, while semiannual cycle increases from north to south. Relative
to the amplitude of the annual cycle of dSST, the semiannual cycle is of much smaller amplitude north of
17°N, but of comparable or larger amplitude south of 17°N. Aside from these basin-scale features, the dSST
annual and semiannual cycles demonstrate robust mesoscale features in the lees of hills/islands. The annual
(semiannual) cycle of wind speed is the most important factor for the annual (semiannual) cycle of dSST. The
annual (semiannual) cycle of wind speed drives the annual (semiannual) cycle of dSST primarily by
influencing oceanic vertical turbulent mixing.

1. Introduction

Diurnal warming of the upper ocean is caused by the daytime absorption of solar radiation. It has a significant
influence on both air-sea heat and gas fluxes (e.g., Clayson & Bogdanoff, 2013; Kettle et al., 2009; Marullo et al.,
2016; Ward, 2006; Weihs & Bourassa, 2014) and sea surface temperature (SST) at longer time scales (e.g.,
Bernie et al., 2005, 2008; Guemas et al., 2011; Shinoda et al., 1998). While the typical magnitude of diurnal
warming of SST (dSST) is O(0.1 °C; e.g., Kennedy et al., 2007; Stuart-Menteth et al., 2003), it may reach
5–7 °C on days with low wind speed and strong insolation (e.g., Gentemann et al., 2008; Gentemann &
Minnett, 2008). Lower wind speed induces a larger dSST response due to weaker wind-induced turbulent
mixing and reduced heat loss to the atmosphere, while stronger insolation causes larger dSST due to more
heat absorption (Kawai & Wada, 2007).

The South China Sea (SCS, 99–120°E and 0–25°N) is the largest marginal sea of the northwestern Pacific
Ocean. As expected, dSST can also modulate the SCS air-sea heat flux and mixed layer depth and hence
SST (Clayson & Bogdanoff, 2013; Li et al., 2013). Thus, dSST is important in the SCS. Under the influence of
the East Asian monsoon, dSST in the SCS exhibits large temporal variability and spatial heterogeneity (e.g.,
Kawai & Kawamura, 2005; Lin et al., 2011; Tu et al., 2015, 2016; Yan et al., 2014). For example, Tu et al.
(2015) pointed out that dSST in the SCS exhibits obvious seasonal variation, with it being smallest during
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the strong northeast winter monsoon and largest during the northeast to southwest monsoon transition. Yan
et al. (2014) found that dSST is relatively large off the coast of northeastern Vietnam (in the lee of a hill) during
the southwest summer monsoon because of sheltering from the monsoon. These results suggest that wind
forcing has a significant impact on dSST in the SCS.

Previous studies have demonstrated that the semiannually reversing East Asian monsoon leads to an obvious
semiannual signal in wind speed over the SCS (e.g., Lv et al., 2012; Xie et al., 2003). Results of harmonic ana-
lysis of the wind speed records show that the amplitude of the semiannual cycle is comparable to or even
greater than that of the annual cycle, especially over the southern SCS (figure is not shown). In addition,
the annual and semiannual cycles of wind speed show robust mesoscale features in the lees of
hills/islands. The natural question is as follows: Does dSST also have a significant semiannual signal due to
the semiannual signal of wind speed in the SCS? If yes, what is the relative importance of the annual and
semiannual cycles of dSST? Do the annual and semiannual cycles have mesoscale features in the lees of
hills/islands? In this study, we first examine the annual and semiannual cycles of dSST in the SCS, and then
investigate the mechanisms driving these signals. Finally, the mesoscale features of the dSST annual and
semiannual cycles in the lees of hills/islands are discussed.

2. Data and Method
2.1. SeaFlux dSST

In this study, dSST was derived from the SeaFlux version 1.0 (SeaFlux-V1.0) data product developed andmain-
tained through the international SeaFlux project. The SeaFlux-V1.0 dSST is based on the Bogdanoff and
Clayson parameterization (Clayson & Bogdanoff, 2013), which is an updated version of the Webster et al.
(1996; W96 hereafter) parameterization. The data product covers the period 1998–2007 with a spatial
resolution 0.25° × 0.25°.

To assess the SeaFlux-V1.0 derived dSST, three ATLAS buoys in the SCS deployed during the SCS monsoon
experiment (Lau et al., 2000) were applied for comparison (Figure 1). The mean differences of dSST between
the SeaFlux product and ATLAS observations were�0.05, 0.01, and�0.02 °C with root-mean-square errors of
0.07, 0.06, and 0.07 °C and correlation coefficients of 0.93, 0.94, and 0.92 (Table 1), which demonstrates that
the product is capable of reproducing seasonal variation of dSST in the SCS.

2.2. W96 Parameterization

The W96 parameterization was developed based on results from a one-dimensional mixed layer ocean
model, and it has been used to study dSST in the tropics (e.g., Clayson & Curry, 1996; Clayson & Weitlich,
2005, 2007). The W96 parameterization has the following form:

dSST ¼ a PSð Þ þ b Pð Þ þ c ln Uð Þ þ d PSð Þ ln Uð Þ þ e Uð Þ þ f

where PS is the peak solar insolation (W/m2), P is the daily averaged precipitation (mm/hr), U is the daily aver-
aged 10-m wind speed (m/s), and a, b, c, d, e, and f are regression coefficients as in the W96 parameterization.
The terms associated with ln(U) and U represent the effects of wind-induced oceanic mixing and surface heat
flux on dSST, respectively (Webster et al., 1996). The term d(PS) ln (U) means that wind-induced oceanic
mixing induces a lager decrease in dSST when solar insolation is larger, possibly due to larger temperature
difference across the base of the mixed layer.

To evaluate the relative importance of the annual cycles of solar radiation, wind speed, and precipitation to
the annual cycle of dSST, a control run and three sensitivity runs were designed with the W96 parameteriza-
tion. In the control run, the daily peak solar radiation, the daily averaged precipitation, and the daily averaged
10-m wind speed were used. The estimated dSST in the control run agreed well with ATLAS buoy observa-
tions in the SCS (Figure 1 and Table 1). In the three sensitivity runs, we first removed the annual cycles of
the time series of the daily peak solar radiation, the daily averaged precipitation, and the daily averaged
10-m wind speed, respectively, and then estimated dSST. The difference of dSST in the control run and each
sensitivity run was calculated to estimate the contribution of the annual cycle of solar radiation, wind speed,
or precipitation. Here we define the percentage contributions as the ratio of the individual contributions of
the annual cycles of solar radiation, wind speed, and precipitation relative to the sum of all three contribu-
tions. The contributions for the semiannual cycle of dSST were also examined in a similar manner.
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In these calculations, the peak solar radiation was derived from the National Aeronautics and Space
Administration/Global Energy and Water Cycle Experiment Surface Radiation Budget, release 3.0 data set
(Gupta et al., 2006), the daily averaged precipitation was downloaded from 3B42 Research Derived Daily
Product of the Version 7 Tropical Rainfall Measuring Mission Multi-Satellite Precipitation Analysis (Huffman
et al., 2010), and the daily averaged 10-m wind speed was obtained from the SeaFlux-V1.0 product.

2.3. PWP Model

To investigate the main process of the annual (semiannual) cycle of wind speed driving the annual (semiann-
ual) cycle of dSST, a series of sensitivity experiments were carried out using the one-dimensional ocean mixed
layer model developed by Price et al. (1986, hereafter PWPmodel). These experiments were divided into three
groups (G1, G2, and G3), and each group includes seven experiments (E1, E2,…, and E7) corresponding to dif-
ferent wind speeds. Because themeanwind speed is about 6m/s and themaximum annual and/or semiannual
amplitude of wind speed is about 3 m/s in the SCS, wind speeds corresponding to E1, E2,…, and E7 increase
from 3 to 9 m/s. The three groups of experiments were designed as follows:

G1: Both wind stress and surface heat loss are different in E1, E2, …, and
E7, increasing with wind speed (surface heat loss increases with wind
speed linearly. The linear relationship was derived from the OAFLUX
data in the SCS using a simple linear regression).

G2: Only wind stress is considered as G1 with same surface heat loss
(corresponding to the mean wind speed) in E1, E2, …, and E7.

G3: Only surface heat flux is considered as G1 with same wind stress
(corresponding to the mean wind speed) in E1, E2, …, and E7.

In each experiment, water depth is 100 m, and the vertical resolution is
1 m. The initial temperature and salinity profiles are uniform (26 °C and
35 PSU). Each experiment was run using idealized forcing: steady wind
stress, steady surface heat loss, and sinusoidal insolation with the maxi-
mum value of 700 W/m2.

Figure 1. Monthly mean diurnal warming of sea surface temperature (dSST, °C) at (a) 18.1°N, 115.6°E, (b) 15.3°N, 115.0°E,
and (c) 13.0°N, 114.4°E during the period from April 1998 to March 1999 derived from the ATLAS buoys (blue curves),
the SeaFlux data set (solid red curves), and the W96 parameterization (dashed red curves).

Table 1
Comparison of Monthly Diurnal Warming of Sea Surface Temperature Derived
From the SeaFlux-V1.0 Data Product (the Webster et al. (1996) [W96]
Parameterization) With Three ATLAS Buoys in the South China Sea During
the Period From April 1998 to March 1999

18.1°N,
115.6°E

15.3°N,
115.0°E

13.0°N,
114.4°E

Mean (ATLAS)/°C 0.38 0.34 0.38
Mean (SeaFlux)/°C 0.33 0.35 0.36
Mean (W96)/°C 0.41 0.41 0.42
Root-mean-square
error (SeaFlux/W96)/°C

0.07/0.09 0.06/0.07 0.07/0.09

Correlation
(SeaFlux/W96)

0.93/0.94 0.94/0.96 0.92/0.93
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3. Results
3.1. The Annual and Semiannual Cycles of dSST

Figure 2 shows the monthly mean climatological dSST in the SCS. Generally, dSST reaches its minima in
December/January and its maxima in April. But dSST in the northern continental shelf has maximum values
in July/August. These maps demonstrate an obvious annual signal. In addition, dSST in the central and

Figure 2. Monthly mean climatological diurnal warming of sea surface temperature (°C) in the South China Sea derived
from the SeaFlux data product.
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southern SCS forms secondary minima and maxima in August and
September/October, respectively, showing a clear semiannual signal.
Note that dSST has minimum values in August and secondary minimum
values in December in the Gulf of Thailand, opposite to that in the central
and southern SCS.

The spatial distribution of the annual and semiannual signals of dSST
can also be seen clearly in zonal mean dSST presented in Figure 3.
The annual signal is robust north of 17°N with minimum values of
dSST in December and maximum values in July/August north of 21°N
and in April/May between 17°N and 21°N. The semiannual signal occurs
south of 17°N with primary and secondary maximum (minimum) values
in April and September/October (December/January and August),
respectively.

To directly uncover the annual and semiannual cycles of dSST, harmonic
analysis of the dSST time series is conducted (Figure 4). The results show
that the amplitude of the dSST annual cycle is greater than 0.1 °C in most
areas of the SCS, with a maximum value greater than 0.2 °C located to the
west of the Luzon Strait. The annual cycle of dSST reaches its maxima in
April/May/June everywhere in the SCS except in the Gulf of Thailand. In
comparison, the amplitude of the semiannual cycle of dSST generally
increases from north to south with a maximum value greater than 0.2 °C
occurring in the Karimata Strait. The timing of the maximum of the semi-
annual cycle of dSST shifts from February to March along a northwest-
southeast axis. Generally, the amplitude of the semiannual cycle is much
smaller than that of the annual cycle north of 17°N (ratio< 1/2) and is com-
parable to or even larger than it south of 17°N (1/2< ratio< 2) (Figure 4e).
This results in the annual signal north of 17°N and the semiannual signal
south of 17°N shown in Figure 3.

3.2. Mechanisms Driving the Annual and Semiannual Cycles of dSST

Because the evolution of dSST is mainly driven by wind speed, solar radiation, and precipitation (Webster
et al., 1996), the contributions of the annual and semiannual cycles of the three factors are calculated to
examine their relative roles as driving mechanisms of the annual and semiannual cycles of dSST in the
SCS. Detailed procedure is given in section 2.2. Our calculations suggest that the annual and semiannual
cycles of dSST are mainly driven by the associated cycles of solar radiation and wind speed.

For the annual cycle of dSST, the percentage contribution of the annual cycle of wind speed exceeds 50%
over most areas of the SCS with largest values occurring along the eastern SCS (whole basin average is 64%,
Figure 5a). This suggests that the annual cycle of wind speed makes a primary contribution to the annual
cycle of dSST. The contribution of the annual cycle of solar radiation is generally secondary (Figure 5b). Its
average percentage contribution in the whole basin is 36%. The spatial distribution is reversed for the annual
cycle of solar radiation, where the largest contribution is along the western SCS. In the regions, such as the
Beibu Gulf, off the coast of central Vietnam and the southeastern Gulf of Thailand, the contribution of the
annual cycle of solar radiation is greater than that of the annual cycle of wind speed. This is due to the rela-
tively small amplitude of the annual cycle in wind speed but the relatively large amplitude annual cycle in
solar radiation (Figure 6).

For the semiannual cycle of dSST, the percentage contribution of the semiannual cycle of wind speed gener-
ally increases from north to south, and the contribution is greater than that of the semiannual cycle of solar
radiation in the SCS except the west of the Luzon Strait (Figures 5c and 5d), where the amplitude of the semi-
annual cycle of dSST is small (Figure 4c). We conclude that the semiannual cycle of dSST is largely controlled
by the semiannual cycle of wind speed.

Figure 7 shows the amplitude and month of the minimum of the semiannual cycle of wind speed. By
comparing Figure 7b with Figure 4d, it is clear that the timing of the minimum of the semiannual cycle of

Figure 3. Seasonal cycle of the zonal mean diurnal warming of sea surface
temperature (shading, °C) and wind speed (contours, m/s) in the South
China Sea. The two dashed lines are at 17°N and 21°N showing the transition
lines.
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wind speed is nearly coincident with that of the maximum of the semiannual cycle of dSST. However, the
spatial pattern of the amplitude of the semiannual wind speed is inconsistent with that of the amplitude
of the semiannual cycle in dSST (Figures 7a and 4c). For example, the maximum semiannual amplitude in
wind speed is located off southeastern coast of Vietnam, while the maximum in dSST occurs in the
Karimata Strait. Kawai and Kawamura (2002) have shown that dSST has a logarithmic dependence on wind
speed (dSST~ ln (U)), so dSST change (ΔdSST) induced by wind speed change (ΔU) strongly links with the
ratio of the wind speed change to wind speed (ΔdSST~ ln (U + ΔU) � ln (U)~ ln (1 + ΔU/U)). This suggests
that the semiannual amplitude of dSST should be proportional to the ratio of the semiannual amplitude of
wind speed to the annual mean wind speed. From Figure 7c, this ratio does exhibit a similar pattern to the
amplitude of the semiannual cycle of dSST (Figure 4c). These further confirm that the semiannual cycle in
wind speed largely controls the semiannual cycle of dSST.

These results suggest that the annual (semiannual) cycle of wind speed is the most important factor for the
annual (semiannual) cycle of dSST in the SCS. The strong negative correlation between the seasonal cycle of
the zonal mean wind speed and dSST is important evidence supporting this conclusion (Figure 3). This may
be explained as follows: In the SCS, the amplitude of the annual (semiannual) cycle in wind speed is relatively
large under the control of the East Asian monsoon. However, because the SCS is located in the tropics, the
annual (semiannual) cycles in solar radiation are relatively small. Consequently, the annual (semiannual) cycle
of wind speed plays the dominant role in the annual (semiannual) cycle of dSST.

Figure 4. Amplitude and phase (month of the maximum) of the diurnal warming of sea surface temperature (a and b)
annual and (c and d) semiannual cycles in the South China Sea. (e) The ratio of the semiannual amplitude to the annual
amplitude.
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Figure 5. Percentage contributions of the annual cycles of (a) wind speed and (b) solar radiation to the annual cycle of diur-
nal warming of sea surface temperature. (c and d) The same as a and b except for the semiannual cycle.

Figure 6. Amplitude of the annual cycles of (a) wind speed (m/s) and (b) peak solar radiation (W/m2).
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The annual (semiannual) cycle of wind speed drives the annual (semiannual) cycle of dSST by two processes.
One is by influencing oceanic vertical turbulent mixing, and the other is by modulating latent and sensible
heat flux. To evaluate the relative importance of the two processes, a series of sensitivity experiments with
three groups (G1, G2, and G3) were conducted using the PWP model. Detailed configurations are introduced
in section 2.3.

In G1, with the increase in wind speed, increased wind stress and increased surface heat loss can increase ver-
tical shear of flow and convective overturning and thereby enhance oceanic vertical turbulent mixing (repre-
sented by the mixed layer depth) (Figure 8b) and further decrease dSST (Figure 8a). By comparing the
sensitivity experiment results in G1, G2, and G3, it is found that increased wind stress makes a dominated con-
tribution to the decrease of dSST by enhancing oceanic vertical turbulent mixing. From 3 to 9 m/s, increased
wind stress (in G2) decreases dSST by 77%, while increased heat loss (in G3) decreases dSST by 13%.

3.3. Mesoscale Features in the Lees of Hills/Islands

Aside from the basin-scale features, both the annual and semiannual cycles of dSST exhibit robust mesoscale
features in the lees of hills/islands. For the annual cycle, the occurrence of its maximum changes from April to
January in the Gulf of Thailand, which is quite different from the behavior of the rest of the SCS (Figure 4b). By
comparison, the semiannual cycle has relatively small amplitude off the coasts of northwestern Borneo and

Figure 7. (a) Amplitude (m/s) and (b) phase (month of the minimum) of the semiannual cycle of wind speed in the South
Chine Sea. (c) The ratio of the amplitude of the semiannual cycle of wind speed to the annual mean wind speed.

Figure 8. Changes of (a) diurnal warming of sea surface temperature and (b) mixed layer depth with wind speed in the
Price et al. (1986) model. In G1, both wind stress and surface heat loss increase with wind speed. In G2, only wind stress
increases with wind speed, while only surface heat loss increases with wind speed in G3.
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northeastern Vietnam and in the Gulf of Thailand (Figure 4c). These mesoscale features in the lees of
hills/islands are a result of sheltering from the monsoon.

Due to orographic sheltering, wind speed is decreased in the lees of hills/islands: off the coasts of northeast-
ern Vietnam, northwestern Borneo, and northeastern Malaysia during the summer monsoon and off the
coast of southwestern Taiwan, Luzon, and Mindoro Islands and in the Gulf of Thailand during the winter mon-
soon (Figure 9) (Li et al., 2014; Wang et al., 2008; Yan et al., 2014). Because of the depression of wind-induced
turbulent mixing, dSST increases in the lees of hills/islands (Barton et al., 1998, 2000; Caldeira & Marchesiello,
2002). This effect is especially pronounced off the coasts of northwestern Borneo and northeastern Vietnam
and in the Gulf of Thailand (Figure 9). The increased dSST in summer/winter associated with the sheltering
from the monsoon weakens the semiannual signal with primary and secondary minimum values in
December and August, causing the relatively small amplitude of the semiannual cycle in these three regions
(Figure 10). Further, the resulting increase in dSST in the Gulf of Thailand makes it greater in winter than in

Figure 9. (a) Summer (June–August) and (b) winter (December–January) mean diurnal warming of sea surface temperature
(shading, °C), wind speed (contours, m/s), and wind vector (arrows) in the South China Sea. Topographic elevations greater
than 200 and 800 m are shaded in gray and black, respectively.

Figure 10. Seasonal (bar and black line), annual (red line), and semiannual (blue line) cycles of diurnal warming of sea sur-
face temperature (°C) (a) off the coast of northeastern Vietnam, (b) off the coast of northwestern Borneo, (c) in the Gulf of
Thailand, and (d) in the South China Sea south of 17°N.
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summer (Figure 10c). This reverses the dSST situation in the SCS and results in dSST peaking in January in the
Gulf of Thailand but in April in the SCS (Figures 10c and 10d).

4. Summary

The annual and semiannual cycles of dSST in the SCS are examined based on the SeaFlux-V1.0 data set, the
W96 parameterization, and the PWP model. Harmonic analysis of the time series of dSST shows that the
amplitude of the annual cycle is greater than 0.1 °C in most areas of the SCS, and the annual cycle reaches
its maxima in April/May/June everywhere in the SCS except in the Gulf of Thailand. The amplitude of the
semiannual cycle of dSST in the SCS increases from north to south reaching a maximum value greater than
0.2 °C located in the Karimata Strait. The phase of the semiannual cycle in dSST is such that the month of its
maximum changes from February to March along a northwest-southeast axis. Compared with the amplitude
of the annual cycle of dSST, the amplitude of the semiannual cycle is much smaller in the area north of 17°N,
while it is comparable or even larger south of 17°N. The annual (semiannual) cycle of wind speed is the most
important factor for the annual (semiannual) cycle of dSST. The strong negative correlation between the sea-
sonal cycle of the zonal meanwind speed and dSST is important evidence supporting this conclusion. A series
of sensitivity experiments demonstrate that the annual (semiannual) cycle of wind speed drives the annual
(semiannual) cycle of dSST primarily by changing oceanic vertical turbulent mixing.

Aside from the basin-scale features, both the annual and semiannual cycles of dSST demonstrate robust
mesoscale features in the lees of hills/islands as a result of sheltering from the monsoon. Large dSST signals
seen in the lees of hills/islands because of the sheltering from the monsoon locally decrease the amplitude of
the semiannual cycle of dSST off the coasts of northwestern Borneo and northeastern Vietnam and in the Gulf
of Thailand. Further, these effects change the phasing of the annual cycle such that the month of its maxi-
mum shifts to January in the Gulf of Thailand.
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