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Abstract

Wave-current interaction and its effects on the hydrodynamic environment in the Beibu Gulf (BG) have been
investigated via employing the Coupled Ocean–Atmosphere–Wave–Sediment Transport (COAWST) modeling
system. The model could simulate reasonable hydrodynamics in the BG when validated by various observations.
Vigorous tidal currents refract the waves efficiently and make the seas off the west coast of Hainan Island be the
hot spot where currents modulate the significant wave height dramatically. During summer, wave-enhanced
bottom  stress  could  weaken  the  near-shore  component  of  the  gulf-scale  cyclonic-circulation  in  the  BG
remarkably, inducing two major corresponding adjustments: Model results reveal that the deep-layer cold water
from the southern BG makes critical contribution to maintaining the cold-water mass in the northern BG Basin.
However, the weakened background circulation leads to less cold water transported from the southern gulf to the
northern gulf, which finally triggers a 0.2°C warming in the cold-water mass area; In the top areas of the BG, the
suppressed background circulation reduces the transport of the diluted water to the central gulf. Therefore, more
freshwater could be trapped locally, which then triggers lower sea surface salinity (SSS) in the near-field and
higher SSS in the far-field.
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1  Introduction
Wave-current interaction has been well recognized to play an

important role in modulating coastal and near-shore hydro-
dynamics (e.g. Longuet-Higgins and Stewart, 1962; Svendsen,
1984; Wolf and Prandle, 1999). Waves can make contributions to
the circulation, which in turn modifies the waves, thus complic-
ated wave-current feedback system would be established. On one
hand, currents can exert refracting and blocking effects on the
waves; currents can also modify the bottom friction felt by waves
(Vincent, 1979; Ris et al., 1999). Meanwhile, the water level can
also affect wave characters by changing the water depth
(Pleskachevsky et al., 2009). On the other hand, waves can
provide excessive momentum and mass fluxes to the currents,
leading to critical adjustments of the mean flow and triggering a
variety of classic phenomena, for instance, the wave setup and
setdown (Longuet-Higgins and Stewart, 1962), the undertow
(Svendsen, 1984), and the wave-driven along-shore currents
(Longuet-Higgins, 1970).

Previous studies have emphasized the importance of various
wave-current interactive mechanisms. For the cases that waves
are dramatically modified, the numerical investigation of Osuna
and Monbaliu (2004) revealed that differences of significant wave
heights and mean wave periods could reach up to about 0.2 m
and 1 s when current speed up to 1 m/s. Fan et al. (2009) repor-
ted that taking currents into consideration could improve per-
formance of wave modeling since following currents could re-
duce the wave energy and then decrease the significant wave
height. When waves encounter opposing currents, the significant
wave heights could be increased by as much as 20% (Warner et
al., 2010). In the tide-dominated estuary investigated by Bolaños
et al. (2014), significant wave height and wave period were dom-
inated by the time-varying water depth, further, Doppler shift in-
duced by currents could exert a prime effect on the wave periods.

Conversely, currents are also adjustable to waves. Xie et al.
(2001) demonstrated that waves could trigger enhanced surface
and bottom shear stress, and the former one helped to accelerate  
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the current speed in the upper layer while the later one weak-
ened that in the bottom layer, which lead to vital adjustment of
the South Atlantic Bight circulation. When wave effects are in-
volved in, Beardsley et al. (2013) reported that higher storm surge
and more inundation area would be simulated during a nor’east-
er event, meanwhile, the coastal current structure also changed
dramatically. In the northern Adriatic Sea, the surface drifter tra-
jectory was better reproduced when taking wave-breaking effect
into account (Carniel et al., 2009). Olabarrieta et al. (2011) identi-
fied that the wave-breaking-induced acceleration served as a
leading term in the horizontal momentum balance in the inlet
area of the Willapa Bay. Investigation of Niu and Xia (2017) pro-
posed vital roles played by wave-induced surface and radiation
stresses in both the seasonal-mean and episodic-scale dynamics
of Lake Erie.

In the china seas, significance of wave-current interaction has
also been highlighted by previous studies. In the Yellow Sea,
wave-mixing was recognized as a key role in the formation of the
upper mixed layer in spring and summer (Qiao et al., 2004) and
wave-mixing could increase the mixed layer thickness greatly
(Yang et al., 2004). The surface boundary layer thickness in the
Yellow Sea could be better solved when wave enhanced vertical
mixing due to wave breaking was introduced (Zhang et al., 2011).
Study of Zhao et al. (2017) focusing on two storms striking the
South China Sea (SCS) revealed that wave-induced vertical mix-
ing could lead to deeper thermocline and cooler surface, de-
creasing the typhoon intensity. When evaluated effects of wave-
current interaction on storm surge in the northern SCS, Zhang et
al. (2018) suggested improved simulation by both radiation-
stress and vortex force formulations. Recently, Gong et al. (2018)
indicated the waves could affect the dispersal of the Zhujiang
River (Pearl River) plume by increasing surface wind stress and
bottom drag stress, enhancing vertical mixing and supplying 3-D
wave forces.

Located in the northwest of the SCS, the Beibu Gulf (BG) is a
semi-enclosed shallow bay with an average depth of 42 m (Fig. 1a).
Through the southern mouth, the BG connects with the SCS dir-
ectly, meanwhile, a 30-km wide channel named the Qiongzhou
Strait provides another important dynamical bridge for both
sides. Except for the Red River being the largest runoff feeding
the BG, there are eight rivers located on the top of the bay pour-
ing into the gulf (Fig. 1b), and playing a vital role in the gulf-scale
circulation (Ding et al., 2013; Gao et al., 2015). The East Asia
Monsoon dominates the whole BG, strong northeast wind pre-
vails in winter while weaker southern wind blows during sum-
mer. The BG is rich in varieties of hydrodynamical phenomena,
problems associated with the tides (e.g. Shi et al., 2002; Chen et
al., 2009; Minh et al., 2014), the circulation (e.g. Wu et al., 2008;
Ding et al., 2013), the Beibu Gulf Cold Water Mass (BGCWM, Gao
et al., 2014; Chen et al., 2015), the upwelling (Hu et al., 2003; Lü et
al., 2008) and the rive plume (Gao et al., 2015) have been broadly
and deeply investigated. However, wave-current interaction and
its effects on the BG hydrodynamics have been rarely discussed
and remains to be elucidated so far.

Taking advantage of the wave-current module of the newly
developed fully-coupled modeling system COAWST (Warner et
al., 2008, 2010), we have discussed roles that wave-current inter-
action plays in the hydrodynamics of the BG. Dynamics in the
surf zone are not included in this study, since the present invest-
igation is dedicated to focus on the inner gulf processes and in-
teractions between the inner gulf and coastal seas. Following this
introduction, this paper includes six sections: Section 2 describes
the model and its configurations; Section 3 validates the model

with multi-observations; Section 4 shows how currents modify
waves; Section 5 then presents responses of circulation to wave
effects; Section 6 gives explanations for the results in Sections 3, 4
and 5; finally, Section 7 summarizes the present work briefly.

2  Methodology
We use the COAWST modeling system (Warner et al., 2008,

2010) in the present investigation, which is comprised of the
ocean model ROMS (Haidvogel et al., 2000; Shchepetkin and
McWilliams, 2005), the atmosphere model WRF (Skamarock et
al., 2005), the wave model SWAN (Booij et al., 1999) and the sedi-
ment module CSTMS (Warner et al., 2008). The Model Coupling
Toolkit (Larson et al., 2004; Jacob et al., 2005) is also involved to
exchange data fields between different modules. To simplify the
discussion and focus on the wave-current interaction, only
ROMS and SWAN modules are activated.

2.1  ROMS configurations
The ROMS is a state-of-the-art regional ocean model which

has a wide-range of applications, varying from basin-scale to es-
tuary-scale. We have designed an orthogonal curvilinear grid for
the BG, with a total number of grid points being 120×240 (Fig. 1a).
The horizontal resolution ranges from 1.3 to 14.9 km, which
could make better simulation in the Qiongzhou Strait given that
it plays a vital role in dominating the water exchange between
two sides (Shi et al., 2002; Wu et al., 2008; Chen et al., 2009; Ding
et al., 2013). Twenty levels stretched terrain-following coordinate
are applied in the vertical direction, with surface and bottom
stretching control parameters theta_s and theta_b set to be 5.0
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Fig. 1.   The model domain and the topography (a), tide stations
are marked as solid dots, 7204 and 7305 Stations of the “China
General Oceanographic Survey” are marked as stars,  the gray
meshes show the model grid (every two grid lines), abbreviations
stand for the Beibu Gulf (BG), the Hainan Island (HI), the Qiong-
zhou Strait (QS), the Leizhou Peninsula (LP), the Red River (RR)
and the Zhujiang River (ZR); the top areas of the BG (b), rivers are
marked out and the solid dots show the locations of the water-
quality buoys placed by the Department of Ocean and Fisheries
of Guangxi Zhuang Autonomous Region.
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and 0.4 to better resolve dynamics in these boundary layers
(Shchepetkin and McWilliams, 2005). The model bathymetry is
interpolated from a hybrid-data based on the General Bathymet-
ric Chart of the Oceans (https://www.bodc.ac.uk/) and the elec-
tronic navigation chart data. Besides, the minimum depth is 5 m,
which is chosen to ensure stable integration. The vertical mixing
coefficient is parameterized by the k-ε submodule of the Generic
Length Scale (GLS) turbulence closure scheme (Umlauf and
Burchard, 2003; Warner et al., 2005). When waves are absent,
quadratic bottom friction is exerted at the bed.

The boundary and initial conditions are both interpolated
from the HYbrid Coordinate Ocean Model (HYCOM) GLBa0.08
database (http://hycom.org/hycom). In the BG, the Red River
and other eight rivers shown in Fig. 1b are taken into account in
the model. Except for that the discharge data of the Najiao River
and Jiuzhou River are derived from the corresponding county an-
nals, runoff data of other rivers are given as Gao et al. (2013). Be-
sides, the Zhujiang River discharges at eight river mouths based
on Zhao (1990) also work in the model. Tidal harmonic con-
stants of ten tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf

and Mm) derived from the TPXO7 data are added to the open
boundaries as tidal forcing. The 3-hourly air-sea fluxes and sea
surface winds at 10 m originated from the ERA-Interim global
reanalysis data (https://apps.ecmwf.int/datasets/) are applied to
the model as atmosphere forcing. In addition, the BULK_FLUX
algorithms based on the Coupled Ocean Atmosphere Response
Experiment (COARE) are activated to estimate the net air-sea
fluxes and wind stress. The baroclinic time step adopts 60 s with a
model-splitting ratio of 30, and the data output frequency is every
3 hours.

2.2  SWAN configurations
SWAN is a third-generation shallow water spectral wave mod-

el which could solve wave generation by the wind, wave propaga-
tion, dissipation, refraction owing to currents and depth, and
nonlinear wave-wave interactions. In the present work, the
SWAN model shares the same computational grid and sea sur-
face wind forcing as the ROMS. Twenty-five frequencies ranging
from 0.01 to 1 Hz and thirty-six directional bands are used. At the
open boundaries, the significant wave height, wave direction and
wave period interpolated from the ERA-Interim database are ad-
ded, aiming to achieve better wave simulation. The integrating
time step is 300 s, and the model makes an output every 3 hours.

2.3  COAWST configurations
As described in the 1st section, currents and the free surface

elevations are the two dominant currents effects on the waves. In
the COAWST, these two effects could be activated via defining

CURRENT and WLEV, respectively. Particularly, we define
UV_KIRBY according to Kirby and Chen (1989) to take the vertic-
al distribution of the current profile into account when currents
are excepted to work.

Then, waves can modulate the currents mainly through three
different mechanisms:

(1)Wave-enhanced mixing. Wave breaking injects substantial
turbulent kinetic energy to the upper ocean, enhancing the mix-
ing. We employ the TKE_WAVEDISS cooperated with the ZOS_
HSIG scheme to reveal this wave effect.

(2)Wave-enhanced bottom stress. The bottom roughness felt
by the flow could be enhanced due to turbulence in the wave
boundary layer, and this effect is parameterized using the
SSW_BBL scheme based on the formula raised by Madsen (1994).

(3)3-D wave-forces. Wave forces are included using the vor-
tex force formalism proposed by McWilliams et al. (2004) and im-
plemented into ROMS-UCLA by Uchiyama et al. (2010) and
COAWST by Kumar et al. (2012) via defining WEC_VF.

To identify how waves and currents modify each other, and
distinguish different roles played by various interactive mechan-
isms, seven numerical experiments summarized as Table 1 are
designed. All experiments are initialized on January 1, 2014 and
the simulations last for 210 days. When coupled together, ROMS
and SWAN communicate with each other every 600 s. Model out-
puts of the first 30 days are excluded from the analysis procedure,
since the model may be in an adjusting phase during that time.

3  Model validations

3.1  Tidal performance
Tides and tidal currents make significant contribution to the

circulation and mixing in the BG (e.g. Shi et al., 2002; Chen et al.,
2009; Minh et al., 2014). A barotropic-tide model is configured
and run for 60 days, the hourly sea surface elevation data during
the last 30 days are analyzed using the T_TIDE MATLAB toolbox
(Pawlowicz et al., 2002) and the tidal harmonic constants of vari-
ous tidal constituents are obtained. The model produced tidal
harmonic constants for the M2, S2, K1 and O1 tidal constituents
are compared with those at 71 tide stations (Fig. 1a), and the
comparisons are shown in Fig. 2. Generally, model results show
good consistence with observations, the mean absolute errors
(MAE) for the M2, S2, K1 and O1 tidal constituents are 6.2, 4.2, 4.3
and 7.1 cm in amplitudes and 15.5º, 28.8º, 10.0º and 7.6º in
phases, respectively. Many of the 71 tide stations are located in
bays or on small islands, the low-resolution of our model fails to
properly describe local topography in these areas and would lead
to simulation errors.

Further, the tidal harmonic constants provided by the CTOH

Table 1.   Model configurations for all numerical experiments

Case abbreviation and description Model setting Currents
Water level
fluctuation

Surface
TKE

Wave
BBL

3-D wave
forces

R1: base circulation case ROMS only N/A N/A N/A N/A N/A

R2: base wave case SWAN only N/A N/A N/A N/A N/A

R3: SWAN with water level fluctuation ROMS→SWAN partly
coupled

OFF ON OFF OFF OFF

R4: control case ROMS←→SWAN fully
coupled

ON ON ON ON ON

R5: ROMS with wave-enhanced surface
mixing

ROMS←→SWAN partly
coupled

ON ON ON OFF OFF

R6: ROMS with wave-enhanced bottom
stress

ROMS←→SWAN partly
coupled

ON ON OFF ON OFF

R7: ROMS with 3-D wave forces ROMS←→SWAN partly
coupled

ON ON OFF OFF ON
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group (Roblou et al., 2007, 2011) which derived from the
TOPEX/Poseidon and Jason-1 sea surface height data are also
used to check the model tidal performance in the open seas.
Jason-1 is the successor of TOPEX/Poseidon and they shared the
same orbit, and their ground paths (initial orbit) passing the
model domain as well as the simulating errors are shown in Fig. 3.
Figure 3 also reveals reasonable model performance, the MAE for
the M2, S2, K1 and O1 tidal constituents are 2.1, 2.1, 2.1 and 5.8 cm
in amplitudes and 6.6º, 20.6º, 6.1º and 6.1º  in phases at 344
measured points, respectively. The better model performance in
open seas compared to that in near-shore areas emphasizes the
importance of model resolution to a certain extent. Nevertheless,
such tidal performance of the model is reasonable and is in favor
of further discussion.

3.2  Wave performance
The significant wave height (Hsig) is one of the most repres-

entative characteristics of waves, the present study employs the
along-track Hsig data derived from the observation of SARAL/
ALTIKA and Jason-2 satellites provided by the AVISO to make a
validation on the wave module. Only measurements from the Ku-
band rather than C-band are used for that the former ones usu-
ally have higher accuracy (Olabarrieta et al., 2012). The output of
Exp. R2 is validated from 1 February to 29 July, 2014, during
which period the total number of comparisons with SARAL/
ALTIKA and Jason-2 amounts to 6 640 and 6 958. Comparisons
are shown as Figs. 4b and 4d, most of the dots fall into the bins
along the linear function y=x and the correlation coefficient (CC)
and root mean square error (RMSE) are 0.88, 0.75 and 0.38, 0.50
m for comparisons with SARAL/ALTIKA and Jason-2 respect-
ively, indicating that the modeled Hsig is in fairly good agreement
with the observation. Actually, altimetry-satellite-inverted Hsig

has errors itself, Durrant et al. (2009) found that the RMSE
reached up to 0.2 m when they compared Jason-1 and Envisat in-
verted Hsig with buoy observations, which may explain part of the
errors in the present study.

3.3  Salinity performance
At the top of the BG, a series of rivers discharge into the sea,

forming the Guangxi diluted-water plume (hereinafter GXP). In
order to monitor the water quality of the Guangxi coastal seas,
the Department of Ocean and Fisheries of Guangxi Zhuang
Autonomous Region placed a set of water-quality buoy array. The
sea surface salinity (SSS) during 15 June to 20 June, 2014 ob-
served by five buoys which located near local river mouths (Fig. 1b)
are used in the present validation (for Exps. R1 and R6), and the
results are shown in Fig. 5. Except for the mean error (ME) and
RMSE, a model skill is also marked in Fig. 5, which is defined as

SKILL = −

∑N

i=
(Smod − Sobs)

∑N

i=

(∣∣Smod − S̄obs
∣∣+ ∣∣Sobs − S̄obs

∣∣) , (1)

S̄obs
where  Smod is the modeled salinity, Sobs is the observed salinity,

 is the average of the observations and N is the total number
of observations, and higher SKILL value suggests better simula-
tion. Figure 5 reveals that the observed salinity indicates signific-
ant tidal-signal in many stations (e.g., Stations S04 and S05).
However, low model resolution in those areas makes the model
fail to describe the topography accurately, which should account
for the unsatisfying variation trends at those stations. Overall, the
relative small ME and RMSE and high SKILL at Stations S01-S05
suggest that the model could provide a reasonable simulation of
SSS in the GXP area.

3.4  Temperature performance
The MODIS-Aqua sensed Level-2 sea surface temperature

(SST, http://oceancolor.gsfc.nasa.gov/) over the northern BG is
used to examine that produced by the model (Exp. R1). The
MODIS instrument will not work in the presence of clouds, the
effective observations during June and July in 2014 are displayed
in Figs 6a–e and the corresponding model results are presented
in Figs 6f–j, respectively. Figures 6a–f reveal that the simulated
SST is in good consistence with the observed one both in varying
trend (getting warmer from June to July) and in spatial pattern
(higher SST in coastal seas and lower SST in central gulf). In addi-
tion, Figs 6k-o show the comparisons for SST along Section AB.
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Statistically, the RMSE, MAE, ME and CC are 0.64, 0.32, –0.04 and
0.79 for all five comparisons, indicating satisfying model per-
formance. Validation of SST along Section AB is a vital reference
which will be used in Section 5.2.

4  Currents effects on waves
Dominated by the changing monsoon, waves in the BG char-

acterize different features in winter and summer. Wave rose dia-
grams based on the area-averaged Hsig and wave direction (out-
put of Exp. R2) in the BG (17.5–22.0°N, 105–110°E) are shown as
Fig. 7 for winter (February) and summer (July). Figures 7a and b
imply that the southeast, east-southeast and northeast are the
dominant wave directions in winter, while southwest in summer.
The southeast waves in winter and southwest ones in summer
are selected as the representative cases for different seasons in

the following discussion.
The influence of currents variation on the waves is analyzed

based on results of Exps. R2, R3 and R4. Comparisons between
R2 and R3 suggest minor modulation of the sea level changes ex-
erting on the waves, however, significant modulations were re-
ported in shallow estuaries (e.g. Bolaños et al., 2014).

Except the surface elevations, currents can also modulate
wave characteristics via refractions (Olabarrieta et al., 2011). The
short-time circulation in the BG features strong diurnal tidal cur-
rents signal (Chen et al., 2009), and the velocity could reach up to
2 m/s in the west Hainan Island coastal seas. Therefore, the Hsig

difference triggered by the inclusion of currents during a quasi-
whole tidal period for both the winter southeast and summer south-
west wave cases are presented in Fig. 8 and Fig. 9, respectively.

A newly discovered hot spot where currents significantly
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Fig. 3.   Comparisons of the amplitude (left) and phase (right) between the model and the CTOH data for the M2 (a, b), S2 (c, d), K1 (e,
f) and O1 (g, h) tidal constituents.
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modify the Hsig is clearly revealed in Fig. 8: in the west and south-
west Hainan Island coastal seas, the restriction of the coast
makes the current and wave directions being collinear, when
they propagate inversely, currents would refract the waves, con-
centrating the wave rays and focusing wave energy, finally lead-
ing to increased Hsig, and vice versa.

The same phenomenon is also indicated in Fig. 9, but, the
location of the hot spot is different: it locates on the west and
southwest shore of the Hainan Island in winter, but west and
northwest in summer. During winter and summer, different pre-
vailing winds generate waves with different directions, therefore,
various hot spots occur.

Currents triggered Hsig adjustment could reach up to ±0.2–0.3 m
in both summer and winter and, its original value is about 1 m.
Thus, currents could increase or decrease local Hsig by 20%–30%,
which emphasizes the significance of wave-current interaction in
these areas.

5  Waves effects on currents

5.1  The Beibu Gulf Cold Water Mass (BGCWM)
The BGCWM occurs in summer and locates in 107.5°–109.0°E,

19.5°–21.0°N. It is first reported by the Sino-Vietnam joint marine
survey in May 1960. Recently, Chen et al. (2015) established a
wave-tide-circulation coupled POM model to make a systematic
exploration on the BGCWM. Their results indicated that the
BGCWM is a result of the winter-residual-water: in winter, strong
mixing cooled the whole water column, then, only the cold water
mass in the lower-layer of the bowl-shaped basin could survive
when the thermocline developed during spring, finally the
winter-residual cold water mass was surrounded by warm water
and the BGCWM occurred in summer. Thermal action is the
most dominant factor during this process, meanwhile, the ter-
rain and the tidal mixing also play important roles.

Figure 10 presents the time series of temperature and dis-
solved oxygen (DO) saturation profiles at Station 7204 (Fig. 1a)
during the China General Oceanographic Survey. The time series
of temperature profile clearly show the lifecycle of the BGCWM
as we described above, and in addition, the gradually decreased
DO saturation in the lower layer during the BGCWM developing
process is a strong evidence of its residual-water nature.

The model could produce the BGCWM phenomenon as
shown in Fig. 11. During the study year, the core intensity of the
BGCWM is about 28°C, which is much weaker than that ob-
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Fig. 4.   Ground tracks of the SARIAL/ALTIKA (a) and Jason-2 (c); scatter diagrams of significant wave height: modeled results (Exp.
R2) against the SARIAL/ALTIKA (b) and Jason-2 (d) observations. Scatter diagrams are created by binning the data into 0.1 m bins.
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served at Station 7305 in 1962 (26°C, Fig. 11). However, section
3.4 suggests that the model makes reasonable simulation of the
SST along section AB. Taking the SST as a reference, the signific-

ant discrepancy here indicates that the BGCWM may character-
ize long-term variations rather than model errors.

Figure 11 reveals that the core of the BGCWM lies in the left
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Fig. 5.   Model produced sea surface salinity (SSS) compared against the observations by water-quality buoys at Stations S01–S05 (see
Fig. 1b).
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Fig. 6.   Comparisons between the MODIS-Aqua Level-2 sensed SST (first row) and the model simulated ones (second row) over the
northern Beibu Gulf while sub-figures in the third row show the comparisons along Section AB; note that sub-figures in the same
column share the same comparing moment.
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Fig. 7.   Wave rose diagrams in winter (a) and summer (b) in the BG based on results of Exp. R2.
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Fig. 8.   The H sigdifference triggered by the currents (shaded color) under the winter southeast wave, results are derived from the
outputs between the Exps. R4 and R3 (R4–R3), values below 5 cm are blanked, the purple arrows show the Hsig and wave direction
based on Exp. R2, the green arrows show the surface current vectors based on Exp. R1.
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canyon. On one hand, the left canyon is deeper than the right
one, which could provide better shelter for the BGCWM. On the
other hand, the right part of the bowl-shaped basin locates near
the west entrance of the Qiongzhou Strait (Fig. 1a), where the tid-
al mixing is rather intense (Hu et al., 2003), therefore, the east
part of the cold water mass would be eroded faster than the west
part. As a result, the temperature gradient induced pressure
gradient force triggers an upwelling-like motion along the west
slope of the basin, but no similar phenomenon occurs on the op-
posite side.

Currents’ responses to different wave effects could be ana-
lyzed by checking the difference between different numerical ex-
periments. Figures 12b, c and d show the temperature adjust-
ment owing to wave enhanced mixing, wave enhanced bottom
friction and 3-D wave forces, respectively. Compared to the wave
enhanced bottom friction which decreases the BGCWM intensity
by about 0.2°C, the other two wave effects only induce much

weaker adjustment. Figure 12a displays the temperature re-
sponse when three wave effects cooperate together, which ap-
proximately equals to the linear superposition of Figs 12b, c and
d, suggesting relatively weak nonlinear interaction between dif-
ferent wave effects (Rong et al., 2014).

5.2  The Guangxi diluted-water plume (GXP)
Based on the monthly averaged model output during June

2014, the sea surface salinity (SSS) and depth-averaged horizont-
al velocity in the top BG areas are shown as Fig. 13, in which re-
markable diluted-water plume could be found. The background
large scale circulation is cyclonic type, which would transport the
diluted-water to the downstream towards the central BG.

The response of SSS field to wave enhanced mixing, wave en-
hanced bottom friction and wave forces are presented in Figs 14b,
c and d, respectively. Again, wave enhanced mixing and wave
forces could lead to SSS change, but too weak compared to that
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Fig. 9.   Same as Fig. 8, but for the summer southwest wave case.
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induced by wave enhanced bottom stress. The inclusion of wave
enhanced bottom boundary layer decreases the SSS near the
river mouths while increases the SSS in the downstream areas,
and the adjustment could reach up to 1 PSU. Similar with the
BGCWM case, weak nonlinear interactions among different wave
effects are also indicated according to Figs 14a–d.

A section named CD shown as gray line in Fig. 14a is used to
reveal the salinity change in the vertical direction, and different
wave effects induced salinity modulations along section CD are

shown in Fig. 15. The wave enhanced mixing and waves forces
still lead to minor salinity change in the vertical direction as
shown in Figs 15b and d. However, Fig. 15c reveals that the salin-
ity decreases from surface to bottom in the near-fields
(21.5°–21.6°N), and increases in the whole water column in the
adjacent seas (21.2°–21.4°N), then increases in the upper 10 m
layers in the far-fields (20.5°–20.9°N). Figures 14 and 15 suggest
that the diluted-water is redistributed when waves are involved
in.

D
ep

th
/m

50

40

30

20

10

0
a

20 21
22

2
2

23

2
3

24

2
4

25

2
52

6

2
6

2
6

2
7

27

27

28

28

29

2
9

30

T
em

p
er

at
u
re

/°
C

18

20

22

24

26

28

30

D
ep

th
/m

50

40

30

20

10

0
b

80
90

100

1
0
0

100

110

07 Dec. 1961

22 Jan. 1962

27 Feb. 1962

26 Mar. 1962

24 Apr. 1962

21 May 1962

28 Jun. 1962

29 Jul. 1962

27 Aug. 1962

26 Sep. 1962

24 Oct. 1962

08 Dec. 1962

07 Dec. 1961

22 Jan. 1962

27 Feb. 1962

26 Mar. 1962

24 Apr. 1962

21 May 1962

28 Jun. 1962

29 Jul. 1962

27 Aug. 1962

26 Sep. 1962

24 Oct. 1962

08 Dec. 1962

D
O

 s
at

u
ra

ti
o
n
/m

L
·L

-
1

80

90

100

110

120

 

Fig. 10.   Time series of temperature (a) and dissolved oxygen (DO) saturation (b) profiles at Station 7204 (Fig. 1a) during the China
General Oceanographic Survey.
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Fig. 11.     Monthly averaged temperature along Section AB (Fig. 1a) during June 2014; solid-black lines indicate upward vertical
velocity while dashed lines indicate downward motion (10–6 m/s); the scattered squares show the temperature profile observed at
Station 7305 (Fig. 1a) in June 1962 during the China General Oceanographic Survey, all the results are based on Exp. R1.
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Fig. 12.   Temperature difference along Section AB between numerical experiments R4 and R1 (a), R5 and R1 (b), R6 and R1 (c), R7 and
R1 (d).
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Fig. 13.   The sea surface salinity superposed by the depth-averaged velocity in the top BG areas, the data is based on the monthly
averaged outputs of Exp. R1 during June 2014.
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6  Discussion

6.1  The weakened BGCWM
Section 5.1 reveals that the inclusion of wave effects sup-

pressed the intensity of the BGCWM, and wave enhanced bot-

tom shear stress is found to be the dominant factor during this
process according to the diagnostic numerical experiments.
Temperature dynamics in the BGCWM region is further investig-
ated via the model diagnostic of the heat equation:
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Fig. 14.   The sea surface salinity difference in the top BG areas between numerical experiments R4 and R1 (a), R5 and R1 (b), R6 and
R1 (c), R7 and R1 (d).
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Fig. 15.   The salinity difference along Section CD between numerical experiments R4 and R1 (a), R5 and R1 (b), R6 and R1 (c), R7 and
R1 (d).

36 Yang Jingling et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 1, P. 25–40  



RATE︷︸︸︷
∂T

∂t
=

HADV︷ ︸︸ ︷
−u

∂T

∂x
− v

∂T

∂y

VADV︷ ︸︸ ︷
−w

∂T

∂z

VDIFF︷ ︸︸ ︷
+

∂

∂z

(
Kt

∂T

∂z

)
, (2)

where the term on the left-hand-side is the time rate of change
for temperature (RATE), and on the right-hand-side, they are the
horizontal advection term (HADV), the vertical advection term
(VADV) and the vertical diffusivity term (VDIFF), respectively.
Actually, the horizontal diffusivity term is also included in the
model diagnostics, but its magnitude is negligible compared to
other terms.

Based on Fig. 11, the BGCWM locates in the bowl-shaped
basin where deeper than 20 m. Therefore, all temperature dia-
gnostic terms in Eq.(2) are integrated over the BGCWM area (bl-
ack box in Fig. 16) horizontally and below 20 m vertically throu-
ghout the whole June, 2014. The results are displayed in Table 2.

During June, the BGCWM has warmed by about 0.55°C based
on Table 2, indicating that the BGCWM is getting eroded. The
vertical advection and diffusivity both present positive values,
that is, these two terms play a role as facilitating exchange
between the warm upper-layer water and the cold BGCWM wa-
ter, finally making the BGCWM become warmer. However, the
BGCWM is maintained by the horizontal advection effect for that
this term is negative.

Figure 16 displays the streamline of depth-averaged flow dur-
ing June, 2014 based on the monthly-averaged data from Exp. R1.
Clearly, the BGCWM is connected to the waters in the southern
gulf by the gulf-scale cyclonic circulation (Wu et al., 2008; Ding et
al., 2013), which is a strong indicator that the BGCWM is under

the influence of the water transport from the southern gulf. Be-
sides, Table 2 also suggests that only the negative HADV benefits
preserving the BGCWM during the summer. Although the VADV
in Exp. R4 and R6 are weaker than other cases, it should be a
passive adjustment for matching and balancing the change of
HADV. Therefore, it reminds us that the background circulation
may have changed with the inclusion of wave enhanced bottom
stress.

Taking results of Exp. R1 as a reference, Fig. 17 displays the
differences of monthly mean depth-averaged flow against Exps.
R4 (a), R5 (b), R6 (c) and R7(d) during June, 2014. At the en-
trance where the BGCWM is connected with the southern gulf,
the background circulation is significantly suppressed by wave
enhanced bottom stress as shown in Fig. 17c. The water trans-
port through section EF (Fig. 17) which lies on the southern edge
of the BGCWM is calculated. According to the intensity of the
BGCWM core, we define <29.5°C as the criteria for benefitting the
maintenance of the BGCWM, the water transport (<29.5°C)
through section EF are shown in Table 3. Table 3 reveals that the
cold water supplement transported from the southern gulf to the
BGCWM region is decreased by wave enhanced bottom stress,
which is consistent with the weakened background circulation.
In addition, the weakened circulation-bridge between the
BGCWM and the southern gulf locates on the 30–50 m isobaths,
just being the depth where the BGCWM core exists. It means that
the water transport through this entrance could exert direct influ-
ence on the BGCWM, which makes a further explanation why the
BGCWM intensity is sensitive to wave enhanced bottom shear
stress.

6.2  The modulated transport of the GXP
As revealed in Section 5.2, the salinity decreases in the near-

field of the river estuary but increases in the downstream seas
when wave enhanced bottom stress works. The fresh water thick-
ness defined as the integral of fresh water anomaly over the ver-
tical water column is calculated via:

hf =

∫ η

−H

S − S
S

dz, (3)

where S0 is the reference salinity, chosen to be 36 PSU in the
present work, S is the salinity in different layers of the water
column. Different reference salinity leads to different hf, but it
won’t affect the discussion since we focus on the changes of
freshwater thickness. The freshwater thickness difference owing
to different wave effects is in good consistence with what reveals
in Fig.14 (not shown), which implies that the fresh water amount
increases owing to the inclusion of wave enhanced bottom stress
in the near-field of river estuaries, while decreases in the down-
stream areas. Again, this is an indicator that the transport pro-
cess of the GXP is modulated, that is, the background circulation
should be changed.

After poured into the seas, the GXP would be transported to
the downstream toward west and south under the carrying of the
northern-part of the basin-scale circulation (Fig. 13). Figure 18
shows the differences of eastward and northward current com-
ponents owing to the wave enhanced bottom stress. It clearly im-
plies that this wave effect makes a reduction on the background
circulation and retards the transport of the GXP to the down-
stream. Therefore, more fresh water would be trapped in the
near-field and less transported to the far-field, leading to lower
salinity near the river mouth but higher salinity downstream.

Table 2.   Temperature diagnostics integrated over the BGCWM
domain

Experiment RATE/°C HADV/°C VADV/°C VDIFF/°C

R1 0.549 –3.067 3.227 0.389

R4 0.572 –1.845 2.044 0.373

R5 0.548 –3.012 3.170 0.390

R6 0.569 –2.207 2.398 0.378

R7 0.554 –2.944 3.117 0.381
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Fig.  16.     The streamline of  depth-averaged flow during June,
2014 based on the monthly-averaged data from Exp. R1, the black
box shows the BGCWM domain.
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Rong et al. (2014) and Gong et al. (2018) also have reported simil-
ar phenomena when they investigated the responses of river
plume to wave effects.

7  Conclusions
Wave-current interaction model based on the COAWST mod-

eling system has been configured for the BG to investigate effects
of wave-current interaction on the local hydrodynamics. A set of
diagnostic numerical experiments are designed to distinguish
different roles played by different wave-current interactive phys-
ical mechanisms. Validated by multi-originate observations, the
model simulated variables show reasonable consistence with the
observed ones.

A newly-founded hot spot located on the west coastal seas of

the Hainan Island where currents could trigger 20%–30% modi-
fication of the significant wave height is reported. On one hand,
the wave- and current-directions tend to be collinear under the
restriction of the topography, on the other hand, tidal currents
are intense there. Thus, the counter-flowing currents could ef-
fectively concentrate wave energy, finally leading to increased
significant wave height, and vice versa.

The Beibu Gulf Cold Water Mass (BGCWM) and the Guangxi
diluted-water Plume (GXP) are the two typical cases showing
how wave effects modulate currents in the BG. The wave en-
hanced bottom stress retards the near-shore part of the gulf-scale
cyclonic-circulation in summer, leading to less cold water sup-
plement from the southern gulf to the BGCWM area and more
fresh water trapped in the river mouth area at the top of the BG,
therefore, the intensity of the BGCWM and the distribution of the
GXP are modulated.

However, the improvement of the model skill owing to differ-
ent wave-current interactive effects has not been well discussed
in the present work. This is mainly due to the lack of in-situ ob-
servations. Few satellite-based significant wave height observa-

Table 3.   Water transport (<29.5°C) through Section EF, north-
ward being positive

Exp. R1 R4 R5 R6 R7

Water transport/103 m3·s–1 (<29.5°C) 6.88 1.16 6.27 2.33 7.16
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Fig. 17.   Difference of monthly mean depth-averaged flow between Exp. R4 (a), R5 (b), R6 (c), R7 (d) and the R1 during June 2014.
Arrows show changes of the current vectors, colors display changes of the magnitude for the current, with positive value indicating the
current is enhanced and vice versa. Black box shows the BGCWM domain and the red line shows the location of Section EF.
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tions in the west Hainan Island coastal seas makes it difficult to
validate the hot spot where waves are modulated significantly by
the currents, though it makes sense theoretically. Actually, the
mean error of the salinity simulated by the model with inclusion
of wave enhanced bottom friction is improved based on Fig. 5,
which proves that waves could trap more fresh water locally.

Compared to the wave enhanced bottom stress, effects of
wave enhanced mixing and wave forces are weak and chaotic in
the BG, drawing less concern in the present study. Different with
our results, investigation of Rong et al. (2014) proposed that
wave-enhanced mixing and 3-D wave forces could both play vi-
tal role in altering the Mississippi–Atchafalaya river plume dy-
namics on the Texas–Louisiana shelf. This should be due to the
differences of the topography (shallow in present work but much
deeper in Rong et al., 2014) and discharge amount (weak in
present work but very vigorous in Rong et al., 2014). In the shal-
low Zhujiang River Estuary, Gong et al. (2018) suggested that
wave enhanced bottom friction is the most important wave pro-
cess influencing the river plume near the river mouths, this is
quite similar with present study. Previous studies have emphas-
ized the importance of wave-enhanced surface wind stress for
the circulation (e.g. Xie et al., 2001; Niu and Xia, 2017; Gong et al.,
2018) and the vital role of surf zone dynamics (e.g. Olabarrieta et
al., 2011; Kumar et al., 2012), but these effects are not introduced
into the present investigation. In the future, it would be interest-
ing to explore influences of these two unconsidered wave effects
on the hydrodynamics in the BG. Meanwhile, wave-current inter-
action during storm events in the BG would also be an interest-
ing topic.
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