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Abstract

Effects of currents on winter wind waves in the tide-dominated Qiongzhou Strait (QS) were numerically evaluated
via employing the coupled ocean-atmosphere-wave-sediment transport (COAWST) modeling system. Validations
showed satisfactory model performance in simulating the intense tidal currents in the QS. Different effects of sea
level variations and tidal currents on waves were examined under the maximum eastward (METC) and westward
(MWTC) tidal currents. In the east entrance area of the QS, the positive sea levels under the MWTC deepened the
water depth felt by waves, benefiting the further propagation of wave energy into the inner strait and causing
increased wave height. The METC and the MWTC could both enhance the wave height in the east entrance area of
the QS, mainly through current-induced convergence and wavenumber shift, respectively. By current-induced
refraction, the METC (MWTC) triggered counterclockwise (clockwise) rotation in peak wave directions in the
northern part of the QS while clockwise (counterclockwise) rotation in the southern part.
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1 Introduction

Wave-current interaction represents one of the dominant
driving forces in coastal shallow seas, during which process wave
dynamics can be considerably modified. When currents are
present, the effective wind vector driving the waves is the sub-
traction of the current vector from the wind vector (Wolf and
Prandle, 1999; Fan et al., 2009). Currents can exert refraction,
modification of bottom stress, steepening, current-induced
breaking, and blocking effects on the waves (Vincent, 1979; Wolf
and Prandle, 1999; Ris et al., 1999; Ardhuin et al., 2012). Through
Doppler shift, currents change the wave frequency and thereby
the phase speed (Tolman, 1990; Wolf and Prandle, 1999).
Moreover, the variations of the sea level can also modify wave
characteristics by changing the water depth felt by waves (Tol-
man, 1990; Wolf and Prandle, 1999; Pleskachevsky et al., 2009).

Many efforts have emphasized the significance of currents’ ef-
fects on the waves, particularly under strong currents condition.
In the southern North Sea, numerical investigation of Osuna and
Monbaliu (2004) revealed that differences in significant wave
heights (H,) and mean periods due to currents could reach up to
about 0.2 m and 1 s when currents speed up to 1 m/s. Following
currents could reduce the wave height since the wave group

propagates faster and therefore wave energy is dispersed (Fan et
al., 2009); conversely, wave energy would be concentrated and H,
could be increased when waves encounter opposite currents
(Warner et al., 2010). During a storm event, storm-driven strong
currents could lead to the variations of H; up to 0.6 m
in the semi-enclosed Gulf of Venice (Benetazzo et al., 2013). In
the tide dominated estuary investigated by Bolafos et al. (2014),
wave period as well as H, was modulated predominantly by the
time-varying water depth, meanwhile, current-induced Doppler
shift could exert a prime effect on wave period. Generally, taking
currents’ effects on waves into consideration could improve the
performance of wave models, for instance, Guillou (2017) high-
lighted that introduction of tidal forcing into the wave model lead
to ~30% variations of Hy by current-induced refraction, and
therefore significantly improved the wave simulation; Rapizo et
al. (2017) demonstrated that wave models tend to overestimate
wave height on opposing currents, and introducing current-en-
hanced wave dissipation into the wave model considerably im-
proved the simulation of wave height and mean wave period.

The Qiongzhou Strait (QS) is a 30-km wide tide-dominated
busy shipping lane between the Leizhou Peninsula and the Hai-
nan Island (Fig. 1), it is a key passage linking the Beibu Gulf and
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Fig. 1. Altitude of the study region (a) and magnified view of the child model domain (b). Black and red rectangles in a mark off the
parent and child model domains, respectively; red triangles in b show the locations of Stas 6158 and 6172 of the China General

Oceanographic Survey.

the Guangdong coastal seas with an averaged depth of 44 m, and
the bathymetry can reach up to 120 m in the central strait. Tidal
systems on both sides of the QS interact with each other through
the strait, and the constriction effect of this narrow channel leads
to intense tidal currents. In most areas of the QS, the maximum
possible tidal current velocity could exceed 2.4 m/s (Wu et al.,
2016). The semi-major axises of both the diurnal and semi-diurn-
al tidal currents are generally parallel to the QS as a consequence
of the restriction by local topography (Shi et al., 2002; Chen et al.,
2009; Zhu et al., 2014).

The prevailing southwest summer monsoon suffers the inhib-
iting effect of the Hainan Island, becoming weak and chaotic
when it arrives the QS, and as a result, summer wind waves in the
QS are mild and with chaotic wave directions. However, the
strong northeast winter monsoon can blow directly over the QS,
meanwhile, the waves in the open seas east to the QS can
propagate into the strait straightforwardly, which thereby gener-
ates more powerful waves (~1 m high) in the QS.

The strong tidal currents in the QS provides a necessary con-
dition for imposing significant modification on local wave dy-
namics, however, currently this topic has rarely been explored.
To improve the understanding of currents’ effects on waves in
this strait, we had conducted a numerical investigation, in which
we focused on the responses of winter waves to currents since
winter waves are relatively more stable and stronger compared
with other seasons. This study would contribute to local ocean
navigation, engineering, hazard warning, and regulatory actions.
The outline of the paper is as follows. Section 2 introduces the
numerical model employed in this study, meanwhile, the model
configurations and the numerical experimental design are also
demonstrated; Section 3 presents the model results and discus-
sion; Section 4 briefly summarizes the present work.

2 Model, modeling procedure, and numerical experiments
Currents’ effects on the wave characteristics in the QS were
numerically explored by taking advantage of the newly de-
veloped coupled ocean-atmosphere-wave-sediment transport
(COAWST) modeling system (Warner et al., 2008, 2010). The
COWST is a fully-coupled model which can accomplish the

coupling of the Regional Ocean Modeling System circulation
model (ROMS; Haidvogel et al., 2000; Shchepetkin and McWilli-
ams, 2005), Weather Research and Forecasting atmosphere mod-
el (WRF; Skamarock et al., 2005) and Simulating WAves
Nearshore wave model (SWAN; Booij et al., 1999). To simplify
and focalize the discussion, only the circulation and wave mod-
ules were activated, and no waves’ feedback was considered in
the circulation module.

2.1 ROMS circulation model

The ROMS is a state-of-the-art regional ocean model, which
solves the three-dimension Reynolds-averaged equations for
conservation of mass, momentum, and heat. The ROMS con-
figured for the present study was a barotropic tidal currents mod-
el, because tidal currents are dominant compared with compon-
ents triggered by other forcing terms (e.g., stratification and air-
sea fluxes) in the QS (Shi et al., 2002; Chen et al., 2009; Zhu et al.,
2014). A two-layer nested model grid was designed to enhance
the modeling resolution in the QS, the parent-grid extended from
17.10° to 22.12°N and 105.40° to 112.95°E (black rectangle in Fig. 1a),
with a ~1.7 km horizontal resolution. Twenty levels of stretched
terrain-following coordinate was applied in the vertical direction.
The child-grid extended from 19.87° to 20.52°N and 109.74° to
110.91°E (red rectangle in Fig. 1a), with a ~347 m horizontal res-
olution, and vertically, twenty levels of stretched terrain-follow-
ing coordinate was utilized. The topography was interpolated
from a hybrid-data based on the GEBCO 30 arc-second product
(https://www.bodc.ac.uk/) and the local sea chart. Vertical mix-
ing coefficient was parameterized by the k-¢ submodule of the
Generic Length Scale (GLS) turbulence closure scheme (Umlauf
and Burchard, 2003; Warner et al., 2005). Spatially uniform quad-
ratic bottom friction (Cy =0.002 5) was exerted at the bed. Tidal
harmonic constants of ten tidal constituents (M,, S,, N,, K,, K;,
0,, P, Q,, M;and M,)) interpolated from the TPXO7 data
(http://volkov.oce.orst.edu/tides/) were added to the open
boundaries of the parent-ROMS as tidal forcing. The time step
was 300 s for the parent-ROMS and 60 s for the child-ROMS, and
both with a model-splitting ratio of 30.


https://www.bodc.ac.uk/
http://volkov.oce.orst.edu/tides/
https://www.bodc.ac.uk/
http://volkov.oce.orst.edu/tides/
https://www.bodc.ac.uk/
http://volkov.oce.orst.edu/tides/
https://www.bodc.ac.uk/
http://volkov.oce.orst.edu/tides/

Bai Peng et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 11, P. 33-43 35

2.2 SWAN spectral wave model

The SWAN is a third-generation shallow water spectral wave
model which could solve the wave generation, propagation, dis-
sipation, refraction owing to currents and depth, and nonlinear
wave-wave interactions. Within a Cartesian framework, the bal-
ance equation for the wave-action density spectrum N (k, §) =
F(k,0) /o (Fis the variance spectrum) can be written as:

ON . 0 /. 0 /- N Sin+ Sul + Sds
W+V-(xN)+ﬁ(kN)+%(0N)—7a . ()
X=cg+U, )
. 00 0D ou
k=—3p70s *os5 )
. 1 /00 0D oU
=% (aﬁﬁ*km)v @

where overdot indicates a derivative and bold letter indicates a
vector, k is wavenumber, 6 is wave direction, ¢ is the intrinsic fre-
quency, S, is the wind energy input, S, is the energy transfer due
to nonlinear wave-wave interactions among spectral compon-
ents, and Sy, is the wave decay through wave breaking (Sgs pr),
whitecapping (Sgs,.), and bottom friction (Sgs ). ¢ is the group
velocity, U is the ocean velocity vector, D is the water depth, sis a
coordinate in the direction 6, k is the wavenumber vector, and m
is a coordinate perpendicular to s. Further, by integrating the
variance spectrum, the H_ can be derived as:

Ho—4VE E— / / F(k, 0) dkdo. )

The SWAN model configured for the present investigation
was also two-layer nested, which shared the same computation-
al grids with the ROMS, respectively. Twenty-five frequencies
ranging from 0.01 Hz to 1 Hz and thirty-six directional bands
were used. Exponential wave growth based on Komen et al.
(1984) and the Madsen bottom friction scheme were employed.
We focused on the response of winter waves to the currents and
to further simplify the discussion, the wave model was forced by
spatially uniform wind with magnitude and direction being 5.4 m/s
and 48.8°. Such wind forcing was based on the climatological

winds (mean of January winds in 1979-2014) originated from the
ERA-Interim database (http://apps.ecmwf.int/datasets/). The
climatological H, mean wave period, and mean wave directions
(mean of January waves in 1979-2014) interpolated from the
ERA-interim database were added to the open boundaries of the
parent-SWAN, meanwhile, the JONSWAP spectrum was utilized
and a 20° directional standard deviation was used for directional
spreading. The time step was 360 s for the parent-SWAN and
120 s for the child-SWAN, both layers generated an output every
1 hour.

2.3 Modeling procedure

The COAWST model is able to conduct online-nested wave-
current coupling. However, to overcome the limitation of the
computational capability, we first separately ran the online-nes-
ted ROMS and SWAN models for 40 d and gained the initial and
boundary conditions for the child-ROMS and child-SWAN (first
step), and then the child-ROMS and child-SWAN were coupled
together (second step). During the first step, boundary forcings
were exerted on the parent-ROMS and parent-SWAN open
boundaries and both models were initialized with motionless
state, the circulation model as well as the wave model could
achieve a quasi-steady state after 30-d integration. In the second
step, the initial field for the child-SWAN was generated based on
the child-SWAN output of the 30th model day of the first step.
Meanwhile, the boundary conditions could be obtained by using
the child-SWAN outputs for the 30th-40th model days. Similarly,
we generated the initial (output of the 30th model day) and
boundary conditions (outputs of 30th-40th model days) for the
child-ROMS. Finally, the child-ROMS and child-SWAN were
coupled together and ran for 5 d to explore different currents’ ef-
fects on waves. A flow chart describing the modeling procedures
is presented in Fig. 2.

2.4 Numerical experiments

Both currents and free surface elevations play a vital role in
modifying wave characteristics. In the COAWST model, these two
effects could be considered by defining CURRENT and WLEYV, re-
spectively. We also defined UV_KIRBY scheme based on Kirby
and Chen (1989) to account for the vertical structure of the velo-
city profile. To distinguish different roles played by currents and
sea level variations in modifying the waves, four numerical ex-
periments summarized as Table 1 were designed. In Table 1, Exps
R1 and R2 are the child-ROMS and child-SWAN in the first step
as presented in Fig. 2, respectively; Exp. R3 is the coupled child-
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Fig. 2. Flow chart of the modeling procedure.
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Table 1. Model configurations of all numerical experiments

Experiment
R1 R2 R3 R4
Model ROMS SWAN ROMS+SWAN ROMS+SWAN
Currents’ effects on waves N/A N/A sea level variations sea level variations and currents
Note circulation-only case = wave-only case partly-coupled case with sea fully-coupled case with both sea
level variations level variations and currents

SWAN-ROMS, which considers the influence of sea level vari-
ations on waves; Exp. R4 is the coupled child-SWAN-ROMS that
allow both the currents and sea level variations to modify the
waves. When coupled together, SWAN communicated with

ROMS every 600 s.

3 Results and discussion

3.1 Model validation

The responses of waves to currents largely depend on the in-
tensity of the tidal flow, thus, it is necessary to validate the model
performance in simulating local tidal currents. The current pro-
files, observed at two 25-h stations in the QS (red triangles in Fig. 1b)
during the China General Oceanographic Survey in February
1959, were used to validate the model results. As shown in Fig. 3,
the child-ROMS provided reasonable simulations of the tidal cur-
rents in magnitude and direction at both eastern (Sta. 6158, Figs 3a

Furthermore, we evaluated the model performance in wave
simulation. Figures 4a and b present the H, and peak wave direc-
tion based on the climatological ERA-Interim database and model
results of the parent-SWAN, respectively. In the areas adjacent to

the open boundaries of the parent-SWAN, the wave characteris-
tics produced by the model agreed well with the ERA-Interim
data (Figs 4a and b). In the central Beibu Gulf, the H, was about
0.50-0.75 m during winter (Zong and Wu, 2014), however, the
ERA-Interim product overestimated the H, (>1.0 m) and pro-

and b) and western (Sta. 6172, Figs 3c and d) QS, the correlation

coefficient and absolute mean error between the observed mag-
nitudes and the modeled magnitudes were 0.74 m/s and
0.27 m/s, and 0.84° and 33.4° for flow directions, respectively. The
child-ROMS omitted the non-tidal inflow, air-sea fluxes, and the
stratification, which may account for the differences between the
observations and simulations to a certain extent. Nevertheless,
the comparisons indicate that the model could satisfactorily simu-

late the tidal currents in the QS.
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duced wrong wave direction. This is mainly due to the low hori-
zontal resolution of the ERA-Interim model, which fails to accur-
ately describe the topography of the northwestern South China
Sea and therefore underestimates the blocking effect of the Hain-
an Island and Leizhou Peninsula. Figure 4b reveals that results of
our model were in good consistence with Zong and Wu (2014)
and thus, our wave model could produce reasonable simulation
of the waves in both the open and coastal seas.

3.2 Winter wind waves in the QS

Few previous investigations were dedicated to discuss wave
characteristics in the QS. Teng and Wu (1993) investigated the
wave dynamics in the QS based on wave observations at three
stations. Their work revealed that wind waves were dominant in
the QS and the major wave directions were NE-ENE. They also
proposed that seasonal variations of the waves in the strait were

significant. However, all the three stations were located in the
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Fig. 3. Comparisons of the magnitude (column a) and direction (column b) at Sta. 6158, and the magnitude (column c) and direction
(column d) at Sta. 6172 between the observed and the simulated tidal currents on 5 m, 10 m, 20 m, 30 m and 50 m layers, respectively.
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QS based on the model output of Exp. R2 (c).

nearshore areas shallower than 15 m and wave characteristics in
the central strait were not discussed. The two-layer nested high-
resolution SWAN model enables a global understanding of the
waves in the strait.

Based on Exp. R2, Fig. 4c displays the H, and peak wave direc-
tion in the QS during winter. When it came from east to west, the
wave height gradually decreased and reached minimum in the
west entrance (from 1.0 m to 0.5 m), indicating that the winter
waves mainly propagate into the QS from the east entrance.
Wave height in the central strait was larger than that in the
nearshore areas, and presented a symmetric distribution along
axial direction. Generally, the major wave direction in the QS was
NE, which is consistent with Teng and Wu (1993).

3.3 Influence of sea level variations

Given the rule that stronger currents would trigger more sig-
nificant adjustment of the waves (Phillips, 1977), the maximum
eastward tidal currents (METC) and the maximum westward tid-
al currents (MWTC) were selected as two representative events
for discussion. The tidal phases of the METC and the MWTC are
displayed in Fig. 5a, and the surface horizontal velocity field and
the sea level height filed of the METC and the MWTC are presen-
ted in Figs 5b and c, respectively. It should be noted that the
wind-driven flow, tide-induced residual currents, and the dens-

ity-driven currents contribute to a 5-40 cm/s westward surface
mean flow in the QS in winter (Shi et al., 2002; Chen et al., 2009).
Chen et al. (2009) demonstrated that the tide-induced westward
residual flow is 10-20 cm/s in most areas of the QS. Therefore,
the total contribution of wind-driven currents and density-driv-
en currents may be estimated about 20 cm/s, which is important
but is relatively small compared with the intense METC and
MWTC (magnitude generally exceeds 1 m/s, Figs 5b and c), and
thus neglecting wind forcing and stratification in the circulation
model is generally acceptable.

The variations of sea level can change the total water depth
felt by the waves, modifying the balance of the wave-action density
spectrum, and thereby changing the H, (Eqs (1)-(5)). Effect of sea
level fluctuations on the H, could be discussed by comparing the
model results simulated by Exps R2 and R3, and the differences
in H  between these two experiments are shown in Fig. 6. We
defined the region 19.87° to 20.52°N and 104.0° to 110.91°E as the
east entrance area of the Qiongzhou Strait (EEAQS). Under the
METC, the negative sea levels in the EEAQS (Fig. 6a) decreased
the total water depth and exerted shoaling effect on the waves,
and as a result, there were two patches located at the EEAQS
where the H, was increased by about 0.1 m (Fig. 6a). In these two
patches, the bathymetry characterizes large spatial gradient,
which will refract the wave rays and therefore concentrate the
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wave energy and contribute to higher wave height. Generally, the MWTC, converse sea level pattern is presented as Fig. 6b, the
sea level variations under the METC only lead to minor adjust-  positive sea level deepened the total water depth felt by waves,
ment over the whole QS (west part not shown). Under the benefitting the westward propagation of the wave energy. Con-
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sequently, higher wave height occurred in most areas of the
EEAQS, and the enhancement of H; by the MWTC was ~0.1 m.
The QS is similar with the channel-shaped tidal estuary investig-
ated by Bolanos et al. (2014), where the low tides restricted while
high tides benefitted the further propagation of wave energy into
the inner estuary.

3.4 Influence of current-induced convergence

As Eq. (2) reveals, the current-induced convergence can
modify the H, via modulating the propagation velocity of surface
wave energy. When waves propagating into opposing currents,
i.e., the METC, the tidal jet would concentrate the wave rays and
focus wave energy, leading to larger wave height. Figure 7a shows
the differences (Exp. R4-Exp. R3) in H, due to the METC in the
EEAQS, which reveals that the METC lead to a 20%-40% increase
of the H,.

To further interpret the model results, we performed analysis
of unidirectional, monochromatic linear waves in condition of no
wave generations and dissipations. For a deep-water wind wave
(generally, D>)/2 in the EEAQS) propagating from Area 1 with
currents of magnitude U, to Area 2 with currents of magnitude
U,, the action fluxes satisfy:

E E
= (Ca+U)) == (Cp+ Us). (6)
g1 02

Therefore, the change in H_ should be:

03 (Cq + Un)

o1 (ng + Uz) ’ M

H,
2 = VE/E =
Hg,

Equation (7) is identical to that derived by Longuet-Higgins and
Stewart (1961) and utilized in Wang and Sheng (2018). Due to the
current-induced wavenumber shift, the intrinsic frequency o and
group velocity ¢, will change in Eq. (7), which will be discussed
later. Here, we only consider the current-induced convergence
effect, i.e., 0, =0, and Cyp = Cy, then Eq. (7) is simplified into:

Hy _ |(Ca+Un) ®
Hy, (Ca+U2)’

Considering a surface wave propagating into the QS with typical
1
group velocity Cg (Cg =3 /g)\/2n> being about 2.5 m/s (Fig. 7c).

For the METC event (generally from still water to opposing cur-
rents), U; =0 m/s and U, = —1 m/s. Therefore, Eq. (8) estimates a
29% increase in the H, which is in good consistence with the in-
formation shown in Fig. 7a.

3.5 Influence of current-induced wavenumber shift

Differences in H, triggered by the MWTC are presented as Fig. 7b,
which indicates the wave height was generally increased by the
following tidal currents. This is inconsistent with the above dis-
cussion in Section 3.4 (following currents will decrease the wave
height). Moreover, Fig. 7a reveals that the current-induced con-
vergence cannot explain several hot patches (marked with blue-
dashed ellipses) where H, increased by ~40%. Except for current-
induced convergence, as Eq. (3) shows, the spatial gradients of
currents in the travelling directions of the waves can lead to
wavenumber shift. As a result, the change in k then leads to vari-
ations of ¢, and o, modifying the H in two ways (Ardhuin et al.,
2017; Wang and Sheng, 2018): variations of & can lead to ex-
change of energy between waves and currents; and the change of
cg can induce energy bunching and stretching. Due to the
sharply varied topography in the EEAQS (Fig. 1b), the tidal flow
there characterizes strong spatial gradient. Figure 7b reveals that
the convergent areas of the MWTC are in good consistence with
the locations where the H, was increased, indicating current-in-
duced wavenumber shift may play a significant role under the
MWTC. Based on Eq. (7), change of the H, induced by the
wavenumber shift is:

H, o2,
Hfsg — /EZ/EI _ LCE. )
sl 01Cg

1
Given C;= Eg' Eq. (9) equals to Hy»/Hs1 =02 /01. Based on the
o
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conservation of the number of wave crests, Wang and Sheng (2018)
proposed that the solution is He/Ha =02/01=1+U1/ (2Cg).

Hence, under the MWTC (Cy=2.5 m/s, U; =1 m/s), the change of

the H  owing to wavenumber shift is estimated to be about 20%,
which could explain most of the variations in the H, shown in Fig. 7b.
In addition, the two hot patches where H increased by about
40% in Fig. 7a may be a result of the joint effect by the wave-in-
duced convergence and the wavenumber shift.

3.6 Influence of current-induced refraction

As Eq. (4) indicates, the gradients of currents along the wave
crest direction (9 U/0m) can modify the wave direction, i.e., cur-
rent-induced refraction. Also, Eq. (4) suggests this effect acts sim-
ilarly as the variation of the topography (0D/0m). The differ-
ences in the peak wave direction caused by the METC are shown
in Fig. 8a. Generally, the METC leads to counterclockwise rota-
tion in peak wave direction in the northern part of the QS while
clockwise rotation in the southern part. To simplify the discus-
_ ,f @ As

kom
shown in Fig. 5b, there was stronger tidal flow in the central strait

while much weaker tidal currents in the northern and southern

sion, Eq. (4) could be approximately written as § —

shoals, therefore, in the northern QS, 0 |U|/9m <0, and in the
southern QS, 0 |U|/0m > 0. Under the METC, the currents direc-
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tion and the wave propagating direction were generally opposite
with each other, i.e., k - U< 0. Thus, negative ¢ in the northern QS
while positive ¢ in the southern QS could be inferred, which well
explains the counterclockwise rotated peak wave directions in
the northern QS (Figs 8a and c) and clockwise rotated ones in the
southern QS (Figs 8a and d). Conversely, for the MWTC, the cur-
rents and waves generally propagated toward similar directions
and therefore, k - U> 0, clockwise rotated peak wave directions
would occur in the northern part of the QS (Figs 8b and e) while
counterclockwise rotated peak wave directions occur in the
southern part (Figs 8b and f). The magnitudes of the variations in
peak wave direction reached up to 25°, indicating strong refrac-
tion by the currents. Moreover, the locations with the most signi-
ficant variations in peak wave direction generally agreed well
with the regions with sharp topography, which may indicate the
extra contribution of the topography-induced refraction.

3.7 Total effects of sea level variations and currents

Figures 9a and b show the differences in H_ caused by the
total effects of sea level variations and currents (Exp. R4-Exp. R2)
under the METC and the MWTC, respectively. The total effects of
the METC, also the MWTC, enhanced the H; in the east entrance
area of the Qiongzhou Strait, both with a spatially averaged in-
crease of about 0.1 m. In several scattered patches (Figs 9a and
b), changes in H, triggered by the total effects of the METC and

——= Exp.R3 = Exp. R4
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Fig. 8. Differences in peak wave directions (Exp. R4-Exp. R3) due to

the METC (a) and due to the MWTC (b); the peak wave directions

based on Exps R3 and R4 under the METC in Boxes N (c) and S (d) marked in a; and the peak wave directions based on Exps R3 and R4

under the MWTC in Boxes N (e) and S (f) marked in b.
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Fig. 9. Differences in the H (Exp. R4-Exp. R2) due to the total effects of sea level variations and currents under the METC (a) and the

MWTC (b), differences in H, below 0.05 m are not shown.

the MWTC could both exceed 40% (0.4 m), indicating the vital
role of currents’ effects in local wave dynamics.

Generally, differences in H, shown in Figs 9a and b are very
close to those displayed in Figs 7a and b, respectively, indicating
a more significant contribution of currents than sea level vari-
ations. However, under the MWTC, significant differences
between Figs 9b and 7b exist in the regions marked with blue-
dashed ellipses (Fig. 9b). This is because, as discussed in Section
3.3, the positive sea level deepened the total water depth and be-
nefitted the westward propagation of the wave energy, thereby
leading to significantly enhanced H; in these regions (~0.1 m, Fig. 6b).

4 Conclusions

Given that the strong tidal currents in the QS provides a ne-
cessary condition for imposing significant modification on strait
wave dynamics, we have conducted a numerical investigation of
currents’ effects on winter wind waves in the QS by employing
the COAWST modeling system. The model showed satisfactory
performance in simulating the intense tidal currents in the QS
when validated by observed current velocity data. Meanwhile,
comparisons with former investigations revealed that the model
could simulate reasonable wave dynamics in the studied area.

Three contrasted numerical experiments were designed to
distinguish the different roles played by the sea level variations
and the currents in modifying the waves. The METC and the
MWTC were chosen as the two representative cases for showing
how wave characteristics were modified by the currents because
stronger currents lead to stronger adjustments in waves (Phillips,
1977). Model results showed that positive sea levels under the
MWTC deepened the total water depth in the EEAQS, benefiting
the further propagation of wave energy toward west and trigger-
ing increased wave height. The negative sea levels under the
METC generally played a weak role in altering the wave height
but could lead to significant enhancement of wave heights in
several small shallow areas through shoaling effect.

Further discussions suggested that the current-induced con-
vergence and wavenumber shift could exert significant influence
on the waves, these two effects closely depend on the spatial
gradients of currents (Wang and Sheng, 2018). Due to the sharply
varied topography over the EEAQS, the tidal currents characteri-
zed strong spatial gradients (Shi et al., 2002; Chen et al., 2009)
and therefore, waves there may experience the joint effect of cur-
rent-induced convergence and wavenumber shift. Generally, ef-
fects of the METC-induced convergence and the MWTC-in-
duced wavenumber shift could both increase the wave height in
the EEAQS, and the former effect was more significant, which
may because the METC-induced convergence can directly redis-
tribute the wave energy (Eq. (2)). The METC and the MWTC can
exert significant refraction on the waves, model results revealed
that the METC (MWTC) lead to counterclockwise (clockwise)
rotated peak wave direction in the northern part of the QS while
clockwise (counterclockwise) ones in the southern part. Due to
different physical mechanisms through which the METC and the
MWTC modified the waves, the differences in H triggered by the
METC and the MWTC were significantly different in spatial distri-
bution, and the difference agreed well with satellite observed H,.

By combining numerical simulation and theoretical analyses,
the wave responses to the currents in the QS have been quantita-
tively explored, which emphasizes the significance of currents’
effects on the winter wind waves in the QS. However, as previous
studies demonstrated, the wave-enhanced bottom stress (Mad-
sen, 1994), wave-mixing (Carniel et al., 2009; Wang et al., 2010; Li
and Fox-Kemper, 2017), and the wave forces (Mellor, 2003;
McWilliams et al., 2004) can play significant roles in modulating
the currents, and thus modifying the waves, thereby resulting in
feedback. Therefore, exploring the complete wave-current inter-
action in the QS would be an interesting future work. To simplify
the study, climatological wave boundary conditions and spatially
uniform winds were used to drive the model, and in the next
stage, wave-current interaction modeling under realistic forcing
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conditions is necessary to achieve further understanding of the
hydrodynamics in the QS. Moreover, the scarcity of in-situ data
on wave-current interaction (e.g., synchronous wave data, cur-
rent velocity data, and sea level data) in the QS is another chal-
lenge and more targeted field observations are needed.
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