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Abstract: Storm surges and disastrous waves induced by cold air outbreaks, a type of severe weather
system, often impact the coastal economic development. Using the Climate Forecast System Re-
analysis wind product and the Coupled Ocean-Atmosphere-Wave-Sediment Transport model, we
developed a coupled numerical model and applied it to examine the interaction between surface
gravity waves and ocean currents during cold air outbreaks in two case studies in the northern East
China Sea. The results revealed that wave—current interactions improved the simulation accuracy,
especially the water level, as verified by tidal station measurements. We conducted sensitivity
experiments to explore the spatiotemporal variation of the impact of wave—current interactions on
storm surges and waves in the northern East China Sea, away from the coastline. The wave-induced
surge (up to 0.4 m) and the wave-induced current (up to 0.5 m/s) were found to be related to the
difference between wave direction and current direction. The significant wave height difference (up
to 0.5 m) was sensitive to the storm surge nearshore and sensitive to the current field offshore, while
the mean wave direction change (up to 40°) was more sensitive to the current field than to the storm
surge. Additionally, the wave—current interaction regulated the momentum balance and wave action
balance, respectively. By comparison, the momentum residuals of pressure gradient, Coriolis force,
Coriolis-Stokes force, and bottom stress, which were pronounced in different areas, were modulated
more significantly by the wave effect than other terms. The dominant mechanisms of wave—current
interactions on waves included the current-induced modification of energy generation caused by
wind input, the current-induced modification of energy dissipation caused by whitecapping, and the
current-induced wave advection.

Keywords: wave—current interaction; storm surge; cold air outbreak; COAWST; coastal region

1. Introduction

Storm surges and huge waves induced by cold air outbreaks (CAOs, also known as
cold waves) adversely affect the economic development of coastal cities [1-3]. Researchers
have simulated the marine dynamic environment during CAOs using numerical models
and hindcasted the water level, currents, and waves separately [4—6]. The research on a
single dynamic process, however, is not sufficient to describe the actual marine dynamic
environment [7,8]. This insufficient understanding of the wave—current interaction mecha-
nisms that modulate marine dynamic environmental factors is one of the key bottlenecks
restricting the accurate forecasting and risk assessment of disastrous marine dynamic envi-
ronments induced by CAOs [9]. Therefore, it is necessary and urgent to study wave—current
interactions during CAOs [10].
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Significant momentum and energy exchanges occur when wind-driven waves and cur-
rents meet [11]. The two main representations of wave—current interaction are the radiation
stress mechanism and the vortex force mechanism. Progressive-scale analysis and numeri-
cal simulation have demonstrated that the vortex force mechanism is more accurate than
the radiation stress mechanism [12-14]. Wave—current interaction mechanisms also include
wind effects, bottom friction, wave breaking, and other forcing and dissipation mechanisms.
The relative wind effect is an important wave—current interaction mechanism and is able
to generate 20-40% current modulation for wave height [15]. In shallow water, the wave
direction can be modulated up to 70° by currents [16]. Waves can increase the sea surface
roughness and enhance the wind stress, which in turn modulate the current field [17].
In addition, the bottom friction can also be changed by waves, while breaking waves,
nonbreaking waves, and their induced Coriolis—Stokes force and Langmuir circulation all
influence the dynamics of the upper-ocean layer [18-21]. Researchers have established
a few wave—current coupled models to simulate the ocean dynamic processes and have
actively explored the parameterization schemes of wave—current interactions [22-25]. As a
result, the development of numerical simulations is deepening our understanding of the
physical mechanisms of wave—current interactions [26-29].

Studies on wave—current interaction have focused mainly on tropical cyclones, while
less attention has been paid to other weather systems [30]. Strong winds in coastal areas
can cause dramatic changes in water level and currents, which influence wave height and
direction, thereby increasing hazardous conditions [31]. Wave parameters in the outer
region of the typhoon are more sensitive to the current but less sensitive to the water
elevation than those in the inner region of the typhoon [32]. Currents generated by tropical
cyclones can increase a wave group’s translation speed, reduce wave height, and expand the
wave direction distribution [33]. Importantly, the dominant mechanisms of wave—current
interactions differ on either side of the storm track. As a result of waves, the momentum
flux input from the wind field to the surface current is significantly reduced and varies by
as much as ~25% with the forward speed and intensity of the tropical cyclone [34,35]. The
effect of waves on water level is greater in shallow coastal waters while the occurrence
times of wave set-up and storm surge vary [36-38]. The effect of waves on currents reaches
its maximum, about 40% more than the Ekman current, during the rapid development
stage of storms [39].

In fact, CAOs occur more frequently and are more destructive than tropical cyclones
at high latitudes [40,41]. The Bohai Sea and the northern Yellow Sea, also known as the
northern East China Sea (NECS, Figure 1), frequently experience CAOs [42]. Because of
the asymmetry of the wind field on both sides of tropical cyclone tracks, wave—current
interactions during tropical cyclones depend heavily on tracks and regions. The CAOs
whose tracks are visible only over Eurasia are characterized mainly by persistent strong
winds in the NECS. Although storm surges driven by CAOs are smaller than those driven
by tropical cyclones, the duration of storm surges is longer, the affected area is larger, and
the variation range of the flow field is also larger. Measured data have shown that the wind-
wave growth relationships generated by CAOs are very obvious [43]. Therefore, the wave-
current interaction mechanism during CAOs is assumed to be different from the mechanism
during tropical cyclones. This study assessed the impact of wave—current interactions on
dynamic marine environmental factors, such as sea level, currents, and waves, during
CAOs. The coupled model and its set-up are described in Section 2. The simulation results
with and without consideration of wave-current interactions are presented in Section 3. In
Section 4, the contributions of wave—current interactions are evaluated, and their physical
mechanisms are discussed. The summary and conclusions are provided in Section 5.
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Figure 1. (a) Geographic location of East China Sea (including Bohai Sea and Yellow Sea) in the northwest Pacific Ocean,
and the model domain of the coupled model (red dashed box). (b) A zoomed-in view of the model domain and the
corresponding bathymetry showing tidal stations (black triangles), buoys (blue squares for the cold air outbreak (CAO)
event in 2014, and green squares for the CAO event in 2015), and chosen sites (red circles). The black dashed lines separate
the Bohai Sea, the northern Yellow Sea, and the southern Yellow Sea.

2. Coupled Model and Numerical Experiments
2.1. Model Description

The Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling
system was developed by Warner et al. [44] from the U.S. Geological Survey, Coastal and
Marine Science Center, Woods Hole, United States. This coupling system has been widely
used to study near-shore physical processes on a regional scale [13,45,46]. To explore the
impacts of wave-current interactions induced by CAOs, in this study, we used COAWST
(version 3.2) to establish a three-dimensional numerical model of wave—current coupling.

COAWST is composed of ocean, atmosphere, wave, and sediment transport modules,
as well as couplers for exchanging data. The ocean module of COAWST is the Regional
Ocean Model System (ROMS) [47], and its wave module is Simulating WAves Nearshore
(SWAN) [48]. The Model Coupling Toolkit (MCT) coupler is used for data exchange and
transmission among the different modules in parallel computing. The ROMS provides data
such as current field, terrain, and sea level for SWAN and SWAN provides data such as
wave factors and wave energy dissipation for the ROMS. The two modules are two-way
coupled.

2.1.1. Hydrodynamic Model

Under the assumption of vertical hydrostatics and the Boussinesq approximation,
the primitive equations in the ROMS are free-surface, Reynolds-averaged, Navier-Stokes
equations, which are solved using finite difference methods. In the horizontal Cartesian
and vertical sigma coordinates, the momentum balance equations in the ROMS are as
follows:
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Based on the incompressible approximation, the continuity equation is:
d(H;u) = o(Hv)  J(Hw)
ax Ay T 0 @

where (1, v) represent the horizontal (x and y) components of the mean velocity (s); w
represents the vertical (s) component of the mean velocity; the vertical s coordinate is
negative downward with s = 0 at mean sea level and s = —1 at the bottom; H, is the
grid-cell thickness; f is the Coriolis parameter; g is the acceleration of gravity; p and pg
are the total and reference densities of seawater; v is the molecular viscosity parameter; ¢
represents the dynamic pressure; F, and F, represent the Reynolds stresses; u'w’ and v'w’
represent the body forces; D,, and D, represent the horizontal mixing terms. As shown
by Kumar et al. [13], the terms from left to right in Equations (1) and (2) are the local
acceleration (ACC), the horizontal advection (HA), the vertical advection (VA), the Coriolis
force (COR), the pressure gradient (PG), the vertical mixing (VM), the body force (BF), and
the horizontal mixing (HM) terms. The Reynolds stresses can be parameterized as follows:

KM Jou

Ty —

ww' = H, 95’ 5)
KMaZJ

oyl — -

v = 5 (6)

where is the eddy viscosity for momentum. The vertical boundary conditions for the

Reynolds stresses are:
Ky ou

Hoos| s=0 ~ =& 7
%Mg% o =Ty, (8)
o PR A ©
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where (Ts’(, 77 ) are the components of surface wind stress (Sstr), and (Tlf, Tg ) are the
components of bottom stress (Bstr).

On the basis of the vortex—force coupling scheme, the momentum balance equations
in COAWST are written as follows:
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where (1,05, w"") are the components of the Stokes drift velocity. Compared to
Equations (1) and (2), the expressions of HA and VA have changed due to Stokes drift.
The added term on the left side of Equations (11) and (12) is the Stokes—Coriolis force
(StCOR), and the added terms on the right side are the horizontal vortex force (HVF) and
the vertical vortex force (VVE).

2.1.2. Wave Model

As a third-generation wave model, SWAN is suitable for wave simulations in coastal re-
gions. SWAN solves the transport equation for wave action density spectrum N(x, y, t;0,0).
In Cartesian coordinates, the action balance equations are as follows:
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where cy, ¢y, ¢y, and cy, respectively, represent the propagation velocities of wave energy
in spatial x- and y-space (PropXY) and in spectral o-space (PropSigma) and in 8-space

(PropTheta); d is the water depth; ﬁ; and (n, m) are the space coordinates parallel and
perpendicular to the wave direction, 6, respectively. S represents the wave energy
generation and dissipation processes: energy generation due to wind input (GenWind),
energy dissipation due to whitecapping (DisWcap), energy dissipation due to bottom
friction (DisBot), energy dissipation due to surface breaking (DisSurf), and nonlinear wave-
wave interactions. In coupled models, the energy transfer between waves and currents
(TranCur) should be also considered.

2.2. Model Set-Up

Based on the COAWST modeling system, we developed a three-dimensional coupled
model and set 16 vertical sigma levels for the ROMS. Coupling of the ROMS and SWAN
was achieved using vortex force formalism [49]. The coupling time step was set to 10
min. The computational domains of the ROMS and SWAN covered a sea area larger
than the NECS (30.0-41.0° N, 117-127° E), as shown in Figure 1, to consider the water
movement throughout the entire East China Sea. The rectangular orthogonal grid, with a 1
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arcmin grid size in zonal and meridional directions, was used in the ROMS and SWAN
models. We obtained the bathymetry from the ETOPO-1 dataset (http:/ /www.ngdc.noaa.
gov/mgg/global/global. html, accessed on 30 July 2021) and set the minimum depth to
5 m. For the ROMS, the lateral boundaries were closed to the north and west. The initial
conditions, open lateral boundary conditions, and sea surface temperature and salinity
forcing conditions were provided by HYbrid Coordinate Ocean Model (HYCOM) data (
http:/ /hycom.org/data/glbaOpt08, accessed on 30 July 2021). For SWAN, we performed
the simulations in the nonstationary mode. Wave spectra were calculated in 36 isometric
propagation directions and 35 logarithmic interval frequencies between 0.04 Hz and 1 Hz.
A series of sensitivity experiments have been conducted to determine the parameterization
schemes of ROMS and SWAN, e.g., bottom drag coefficient and whitecapping parameters.
Given space limitation, this article does not cover the details of these parameterization
schemes.

As the main driving forces, wind and pressure play key roles in the numerical sim-
ulation of ocean currents and waves. Researchers have compared wind data derived
from satellite measurements, analysis, reanalysis, and WRF-modeled winds with in situ
measurements to assess the best alternative to in situ measured wind data [50]. The re-
analysis winds were proven to have relative superiority [51]. For typhoon winds, previous
studies often blend the reanalysis winds into the parametric typhoon model to obtain good
simulation results [52,53]. However, there is still no widely recognized atmospheric model
of CAOs.

The general wind products mainly include the National Centre for Atmospheric
Research (NCAR) products NCEP, NCEP2, CCMP and CFSR, and the European Centre for
Medium-Range Weather Forecasts (ECMWF) product ERA5 and ERA40 reanalysis. Due to
the low spatiotemporal resolutions and unsuitable temporal range, NECP, NECP2, CCMP
and ERA40 are not appropriate to establish the surface wind forcing in this study. Hence,
a comparison of the wind velocity from ERA5 and CFSR with observed winds from the
available tidal stations (Long Kou and Hu Lu Dao) during the two events is presented in
Figure 2a—d. At the nearshore stations, the two blended winds agree reasonably well with
the observations on the variation trend, but this is not so when the wind speed is high.
By comparison, the CFSR winds show higher correlations and lower root-mean-square
errors than the ERA5 winds. Because of the lack of measured data, we also used the
ASCAT scatterometer swath observations on MetOp-A to verify the accuracy of the CFSR
wind product. The difference between CFSR wind speed and the ASCAT observed wind
speed in the computational domain at validity time during the two events is shown in
Figure 2e-h. It shows that the CFSR wind was consistent (differences less than 3 m/s) with
the satellite observations in most areas when the wind was not strong (less than 6 on the
Beaufort scale). Furthermore, the difference between CFSR wind and ASCAT product is
greater in coastal areas than in center areas of the sea. Therefore, the surface forcing (i.e.,
wind field and surface pressure) for the ROMS and SWAN was derived from CFSR data
(http:/ /cfs.ncep.noaa.gov/cfsr/, accessed on 30 July 2021).

It is worth noting that because this study focused mainly on the interactions between
waves and wind-driven currents, we did not consider the effects of astronomical tides, heat
and moisture fluxes, and river discharge to avoid interference.
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Figure 2. (a-d) Time series of CFSR (blue lines) and ERAS5 (black lines) wind velocity in comparison with the observed (red
circles) wind velocity at Long Kou and Hu Lu Dao during the two representative events; (e-h) wind velocity difference
(m/s) between CFSR and ASCAT product at validity time.

2.3. Experiments Design

Mo et al. [42] showed that different types of CAO-induced winds, known as general-
ized northwest (GNW) winds and generalized northeast (GNE) winds, induce different
sea states. In this study, one representative event of each wind type was considered. The
first event occurred in late November and early December 2014 and the second event was
in mid-December 2015. For each CAO event, we performed five numerical experiments
(Table 1), including a circulation-only experiment (Exp1), a wave-only experiment (Exp2), a
wave-water level coupled experiment (Exp3), a wave—current coupled experiment (Exp4),
and a wave—circulation fully coupled experiment (Exp5).

Table 1. Designs of the numerical experiments.

Experiment ID Model Name Water Level Current Wave
Expl ROMS Y Y N
Exp2 SWAN N N Y
Exp3 ROMS + SWAN Y N Y
Exp4 ROMS + SWAN N Y Y
Exp5 ROMS + SWAN Y Y Y

We collected in situ water level measured data from four tidal stations and wave height
measured data from five buoys (Figure 1). The storm surge represents the de-tiding water
level that is calculated by subtracting astronomical tide, obtained by harmonic analysis of
hourly water level data for 366 days, from the total observed water level. For precision, 68
harmonics have been used.
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3. Model Validation
3.1. CAO-Induced GNW Wind

Based on the CFSR data, the evolution of mean sea level pressure distribution from
30 November to 1 December 2014 is shown in Figure 3. The cold air messes assembled in
eastern Siberia and formed the surface high pressure at 1051 hPa early on November 30
(UTC, the same hereafter). As the cold high pressure moved southeastward, a low-pressure
system appeared in the Japan Sea. The cold air, led by the NE-SW cold front, brought
strong and homogeneous GNW wind exceeding 6 on the Beaufort scale to the NECS. As
time passed, the intensity of the CAO gradually increased, resulting in an instantaneous
maximum wind speed exceeding 9 on the Beaufort scale. On December 2, the CAO intensity
gradually diminished, and the GNW wind decreased.

06:00 2014/11/30 12:00 2014/11/30 18:00 2014/11/30

00:00 2014/12/01 06:00 2014/12/01

24°N A
102°E 114°E 126°E 102°E 114°E  126°E
Figure 3. Evolution of mean sea level pressure (hpa) distribution from 30 November to 1 Decem-
ber 2014.

As shown in Figure 4, we compared the model-simulated storm surges and significant
wave heights (SWHs) directly with observed data at the four coastal tidal stations and
the four buoys available in the model domain. To quantitatively evaluate the accuracy of
the uncoupled and coupled simulations, three error statistics were selected: the maxima
relative error (MRE), root-mean-square error (RMSE), and correlation coefficient (CC). The
calculation formulas are as follows:

MRE — |Dimax = Oimax| 100%, (17)

imax

RMSE = \/ % Yo (P—0y), (18)
i—1(P —P)(0; - O)

J (@@ - (20 - 0))

CC = , (19)
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(a) Wei Fang

where P; and O; represent the i-th simulated value and observed value in the time series,
n is the total number of samples, and the overbar marks the arithmetic mean. As shown
in Table 2, the coherence between the model simulations (uncoupled and coupled) and
the measurements was analyzed in terms of the MRE, RMSE, and CC. Table 2 shows that
the magnitude and phase results of Expl and Exp5 agreed well with the observations.
Although the RMSEs and CCs in both experiments were similar, the inclusion of wave—
current interactions improved the storm surge simulation of the extreme values by as much
as 15%. The model-simulated SWHSs in Exp2 and Exp5 were also in reasonable agreement
with the observations. The wave—current interactions produced a slightly lower wave peak,
and the overall simulation accuracy was slightly improved.

(b) Yellow River Harbor (c) Tang Gu (d) Hulu Island

Storm surge (m)

-2
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-2 -2 -2
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Figure 4. Comparisons between simulated and observed storm surges (a—d) and significant wave heights (e-h) during
four days in late November and early December 2014 at four tidal stations along the coast and buoys B1, B2, B3, and
B5: simulated in Exp1 (green lines in (a—d)) and Exp2 (green lines in (e-h)); simulated in Exp5 (blue lines); and observed

(red circles).

3.2. CAO-Induced GNE Wind

From 10 to 12 December 2015, a cold high occurred in eastern Siberia, with the central
strength of 1049.5 hPa (Figure 5). The horizontal cold front passed through the NECS
and induced a GNE wind. The wind field strengthened rapidly, and the maximum wind
speed reached 8 on the Beaufort scale, lasting for more than 24 h. Because there is no
low-pressure system in the south for coordination, the CAO-induced wind in this event
had a lower wind speed and shorter wind duration than the event described in Section 3.1,
so the induced storm surges and waves were relatively weak. Comparisons between the
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simulations and observations of the storm surge and SWHs are presented in Figure 6. The
MRE, RMSE, and CC between the uncoupled and coupled simulations and observations for
the tidal stations and buoys are listed in Table 3. The inclusion of wave—current interactions
improved the simulation of positive storm surge but caused very small changes to the
waves. On the analysis scale of this study, the impact of wave—current interactions on
surface waves during CAOs was insignificant.

Table 2. Statistical comparisons between observations and simulations (Exp1, Exp2, and Exp5) during the CAO-induced

GNW wind.
i i MRE RMSE (m CC
Tidal Stations Latitude © N) Longitude € B) (m)

and Buoys Exp1 or Exp2 Exp5 Exp1 or Exp2 Exp5 Exp1 or Exp2 Exp5
Wei Fang 37.23 119.18 22% 15% 0.18 0.20 0.98 0.96
Yellow River Harbor 38.10 118.97 15% 42% 0.12 0.14 0.99 0.97
Tang Gu 38.98 117.78 24% 12% 0.16 0.15 0.98 0.97
Hulu Island 40.70 120.98 11% 5.3% 0.16 0.16 0.98 0.97
Bl 38.02 119.51 4.3% 6.3% 0.34 0.34 0.96 0.96
B2 38.33 121.09 2.5% 5.8% 0.41 0.38 0.94 0.94
B3 38.53 119.00 14% 12% 0.52 0.50 0.95 0.95
B5 39.01 120.04 1.3% 3.0% 0.33 0.31 0.93 0.93

MRE represents the relative error of the extreme values in the time series of simulation; RMSE represents the root-mean-square error
between the time series of observation and the time series of simulation; CC represents the correlation coefficient between the time series of
observation and the time series of simulation.

00:00 2015/12/10 12:00 2015/12/10 00:00 2015/12/11

!

0 . o P . 3 ~ 8 ok
102°E 114°E 126°E 102°E 114°E 126°E 102°E 114°E 126°E

Figure 5. Evolution of mean sea level pressure (hpa) distribution from 10 to 12 December 2015.

In the two CAO events, simulation of the storm surge was good but significant error
existed in the SWH simulation, especially in the second event. In Figure 6, the peaks are
underestimated by 0.5 m to 1 m at B1 and B2, and overestimated by 0.5 m at B4. The
locations of B1 and B2 were close to the Long Kou station, which can be used for reference.
As shown in Figure 2, the CFSR wind speed was smaller than the observed data from
Long Kou and the SWHs at Bl and B2 were underestimated, indicating that the simulation
of waves was greatly affected by the accuracy of the wind field. This conclusion is also
reflected in the possible high value of wind speed difference in the West Korea Bay on the
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incomplete satellite image, which resulted in the overestimated SWHs at B4 (Figure 2h).
In this situation, the simulation results of the uncoupled experiments appeared to agree
“better” with observations than the coupled experiments. Therefore, the simulated errors
are mainly linked to errors in the wind forcing. Furthermore, the deviation between the
ETOPO terrain data and the actual terrain has also affected the numerical simulations.

(a) Wei Fang

(b) Yellow River Harbor

(¢) Tang Gu

Storm surge (m)

-1 R
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o
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(d) Hulu Island
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Figure 6. Comparisons between simulated and observed storm surges (a—d) and significant wave heights (e-h) from 10 to
14 December 2015, at four tidal stations along the coast and buoys B1, B2, B3, and B4: simulated in Exp1 (green lines in

(a—d)) and Exp2 (green lines in (e-h)); simulated in Exp5 (blue lines); and observed (red circles).

Table 3. Statistical comparisons between observations and simulations (Exp1, Exp2, and Exp5) during the CAO-induced

GNE wind.
i i MRE RMSE (m CC
Tl::cll S];tslt:;:s Latitude (° N) Longitude (° E) )

Exp1 or Exp2 Exp5 Exp1 or Exp2 Exp5 Exp1 or Exp2 Exp5
Wei Fang - - 15% 3.6% 0.13 0.16 0.90 0.85
Yellow River Harbor - - 18% 5.4% 0.096 0.13 0.93 0.90
Tang Gu - - 11% 0.49% 0.12 0.15 0.92 0.89
Hulu Island - - 11% 2.4% 0.09 0.11 0.98 0.97
Bl 38.02 119.51 20% 21% 0.42 0.44 0.93 0.93
B2 39.30 120.36 14% 17% 0.36 0.38 0.94 0.94
B3 38.09 121.04 0.45% 1.6% 0.16 0.17 0.98 0.98
B4 38.55 123.20 34% 32% 0.29 0.28 0.98 0.98

MRE represents the relative error of the extreme values in the time series of simulation; RMSE represents the root-mean-square error
between the time series of observation and the time series of simulation; CC represents the correlation coefficient between the time series of

observation and the time series of simulation.
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4. Results and Discussion
4.1. Evolutions of Storm Surge and Wave

Figures 7 and 8 show the evolution of storm surge, current, and waves simulated
from Exp5 at certain times during the two CAO events. The wind vectors from the CFSR
dataset are also shown for comparison. During the CAO-induced GNW wind, seawater
initially flowed from Liaodong Bay to Bohai Bay, Laizhou Bay, and the northern Yellow Sea,
producing a positive storm surge as high as 1.3 m at 19:00 on November 30. This surge was
located primarily in the southeast top of Laizhou Bay. In addition, an extreme area of SWH,
with a maximum exceeding 3 m, appeared in the center of the Bohai Sea. Subsequently, the
sustained northwest winds brought a significant negative surge to the Bohai Sea, where
the current velocity reached a maximum of 1.4 m/s at 20:00 on 30 November. The SWHs
reached a maximum >6 m at 01:00 on 1 December, and the extreme region moved to
the center of the Yellow Sea. Negative surge appeared sequentially from north to south.
The maximum negative storm surge reached 1.7 m at 07:00 on 1 December. As the wind
subsided, the sea level returned to normal by virtue of the pressure gradient force, and the
SWHs decreased.

Wind speed (m/s) Storm surge (m) Significant wave height (m)
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Figure 7. Evolution of wind speed, wind direction, storm surge, barotropic current, significant wave
height, and mean wave direction distributions at certain times during the CAO-induced GNW wind.
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Figure 8. Evolution of wind speed, wind direction, storm surge, barotropic current, significant wave
height, and mean wave direction distributions at certain times during the CAO-induced GNE wind.

In the second CAO event, seawater flowed from Liaodong Bay to the southwest,
resulting in a positive storm surge in Bohai Bay and Laizhou Bay. The water level contours
were perpendicular to the wind directions. The maximum positive surge reached up to
0.6 m at 18:00 on 10 December and the maximum negative surge reached 1.3 m at 05:00 on
11 December. As the wind weakened, seawater returned from the Yellow Sea to the Bohai
Sea, and the current velocity reached a maximum of 0.85 m/s at 14:00 on 11 December. The
low-frequency fluctuation in the NECS at the end of CAO was the result of the pumping
oscillation of seawater between the NECS and the southern Yellow Sea induced by the
GNE wind. The maximum SWHs, exceeding 4 m at 21:00 on 10 December, occurred in the
central areas of the Bohai Sea and northern Yellow Sea.

4.2. Contributions of Wave—Current Interaction to Water Level and Current

Wave set-up (or set-down), one of the most prominent characteristics of wave—current
interactions, can be estimated by the storm surge difference between Expl and Exp5.
The evolution of storm surge difference and barotropic current field difference when
considering waves during the two events is shown in Figures 9 and 10. The contribution
of wave—current interactions to the water elevation exhibited a significant spatiotemporal
variation in the NECS. During the CAO-induced GNW wind, the variation of surge
difference, which ranged from —0.40 to 0.20 m, was consistent with the storm surge
in the NECS. The maximum set-up created by the waves occurred at the end of the CAQ,
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while the maximum set-down created by the waves occurred at 05:00 on 1 December.
The maximum wave-forced current velocity was 0.50 m/s, which occurred at 13:00 on
1 December. During the CAO-induced GNE wind, the wave modulation in the storm
surge ranged from —0.30 to 0.30 m, and the maximum wave-forced current velocity was
0.40 m/s. The maximum surge difference and the maximum wave-forced current velocity
both occurred at the end of the CAO.

[ [ I I [

Nov-30-23 Dec-01-04 Dec-01-09

Dec-01-14

N
118°E  120°E  122°E  124°E 118°E  120°E  122°E  124°E 118°E  120°E  122°E  124°E

Figure 9. Evolution of storm surge difference (colors) and barotropic current difference (arrows)
induced by the wave effect (Exp5—Exp1) during the CAO-induced GNW wind.

A comparison of the occurrence times of the storm surges, waves, and wave set-ups
during CAOs revealed that the wave set-up (including set-down; the same hereafter)
occurred earlier than the storm surge because the wave field responded to the wind field
more quickly. When strong waves propagated to the coastal water zone, the wave set-up
was pronounced and diminished as the waves weakened. When the currents transported
the waters and kinetic energy to the Yellow Sea, the wave height increased, and a negative
surge difference was induced. In the nearshore area, the wind field and wave height
decreased, whereas the storm surge and its difference induced by the wave effect increased
noticeably. Because of the superimposed pressure gradient force, the direction of the
wave-forced current corresponded to the storm surge difference, and the area of strong
wave-forced current was consistent with the area of significant surge difference in both
events. Moreover, when the wave directions were close to the current directions, the wave
effect enhanced the intensity of the storm surges; otherwise, the wave effect weakened the
intensity. Therefore, during CAOs, wave modulations in the storm surge and current were
closely related to the difference between the wave and current directions.

According to Chen et al. [54], the surge induced by wave was up to 0.55 m due to the
giant typhoon generated waves and the steep sea-bottom slope in the northeastern coast
of Taiwan. As reported by Parvathy and Bhaskaran [55], waves propagating on a steeper
slope will have a severer energy dissipation over a narrower surf zone as compared to
those on a gentler slope. Because of the gentle slope of NECS, the wave breaks early in the
offshore and deforms gradually towards the shore [56]. Therefore, the contribution of the
wave to the storm surge largely depends on the sea floor slope. In addition, the intensity
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of the storm, or the magnitude of the wave height, plays a role in the contribution of the
wave to the surge [57].

BT ] I I [T
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Figure 10. Evolution of storm surge difference (colors) and barotropic current difference (arrows)
induced by the wave effect (Exp5—Exp1) during the CAO-induced GNE wind.

4.3. Contributions of Wave-Current Interaction to Waves

It has been recognized that waves are influenced by the current effect in two main
ways: (1) spatiotemporal change of water level; and (2) spatiotemporal change of current
field. The dominant factors for the current effect modulation of the wave are different
under different dynamic conditions [58]. In the northwest Pacific Ocean, some researchers
attributed this modulation to the change of water level [59,60]; some other researchers
attributed the modulation to the change of water level for nearshore and the change of
current field for offshore [58]. In fact, storm surge affects the water depth in the wave
calculation and changes the deformation process of nearshore waves. Therefore, it has a
great impact on nearshore wave breaking. In addition, previous studies have shown that
wave heights increase when waves and currents are in opposite directions; otherwise, they
decrease [61].

The results of Exp5—Exp2 revealed the evolutions of the SWH difference and mean
wave direction change induced by the superimposed effect of the water level and current
field changes (Figures 11 and 12). During the CAO-induced GNW wind, the SWH differ-
ence ranged from —0.50 to 0.40 m. The maximum negative SWH difference occurred at the
head of Liaodong Bay and West Korea Bay at 02:00 on 1 December. The maximum positive
SWH difference occurred at the head of Laizhou Bay at 19:00 on 30 November. During the
CAO-induced GNE wind, the SWH difference ranged from —0.30 to 0.30 m. A negative
SWH difference was induced in most areas, especially in the Liaodong Bay and central
seas, with extreme values occurring at 01:00 on 11 December.

The results of Exp3—Exp2 and Exp4—Exp2, which, respectively, revealed the evolution
of the SWH difference and mean wave direction change induced by the water level change
and the current field change in the two CAO events, are also shown in Figures 11 and 12.
In the nearshore seas, the severe storm surge resulted in a greater impact on wave height
from water level changes than from currents. The wave heights in the areas with positive
storm surge, such as Laizhou Bay, increased markedly and the wave heights in the areas
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with negative storm surge, such as Liaodong Bay, decreased markedly. In some areas, such
as the head of Laizhou Bay, the effects of storm surge and current field on the wave height
were opposed: a positive storm surge increased the wave height, whereas a current moving
in the wave direction reduced the wave height. In the open sea, current modulation of the
wave height was related to the current field and varied with the terrain.
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Figure 11. Evolution of significant wave height difference (colors) and mean wave direction change
induced by change in water level (Exp3—Exp2), current field (Exp4—Exp2), and the combined
effect (Exp5—Exp2) during the CAO-induced GNW wind. Green arrows represent the mean wave
directions simulated in Exp2; black arrows represent the mean wave directions simulated in Exp3,
Exp4, or Expb5.



J. Mar. Sci. Eng. 2021, 9, 824

17 of 27

L B I [ I I I ]
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 (m)

Dec-10-07

Dec-10-07

Dec-10-07 Exp3-Exp2 »* Exp4-Exp2 v

41°N

38°N

37°N

E 118°E  120°E  122°E  124°E 118°E  120°E  122°E  124°E

L
118°E  120°E 122°E 124

Figure 12. Evolution of significant wave height difference (colors) and mean wave direction change
induced by change in water level (Exp3—Exp2), current field (Exp4—Exp2), and the combined
effect (Exp5—Exp2) during the CAO-induced GNE wind. Green arrows represent the mean wave
directions simulated in Exp2; black arrows represent the mean wave directions simulated in Exp3,
Exp4, or Expb5.

Our data indicated that the wave—current interaction on wave direction simulation was
negligible, a finding similar to that of Fan et al. [28]. Mean wave directions were modulated
as much as 20° and 40°, mainly in the initial and final stages of CAOs. Model simulations
with and without wave—current interactions demonstrated that the modulation of wave
direction was primarily due to the current field and not to the storm surge. When the wave-
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current direction difference was larger, the magnitude of the wave direction modulation
was greater, such as the cases that occurred in the bay heads and the Bohai Strait. The data
proved that the wave—current direction difference had a significant influence on changes in
water level and wave parameters.

4.4. Wave Effect on the Momentum Balance

We selected six sites (51-56) in the NECS (Figure 1) and the terms in the vertically
integrated momentum balance equation, including the x- and y-directions, were calculated
separately for Expl and Exp5. Figures 13 and 14 show the time series of momentum balance
terms, including HA, PG, COR, Sstr, and Bstr, in Exp1 at S1-S6 during the two CAOs.
Among the momentum terms, the largest contributions in both experiments were from
the PG and Sstr. The Bstr did not create significant changes in most areas during CAOs,
with the exception of some coastal locations, such as S2. The directions of the PG, Sstr, and
Bstr were consistent with the storm surge spatial variations, the wind directions, and the
bottom current directions. The momentum balance followed the geostrophic balance more
closely in the open water than in the nearshore waters. Because of the low current velocity
during CAOs in the NECS, the HA lost importance in the momentum balance.

Previous studies have calculated various terms of the momentum balance and high-
lighted changes in the momentum balance caused by waves. Our results agreed with
the previous findings that the largest contribution was from the PG [45,62]. Prakash and
Pant [62], however, reported that the Bstr was also a leading term during a tropical cyclone.
The Bstr increased when the apparent bed roughness was enhanced by waves, possibly
because, during tropical cyclones, the wave heights are much greater than during CAOs,
and the waves can reach the sea bottom. In addition, the advective acceleration is a domi-
nant term of the momentum balance in the pure tidal case [45]. Therefore, the dominant
term of momentum balance is different for different meteorological systems and marine
background environments.

Some previous studies [63,64] have shown that the wave effect on currents can be
achieved in the following three ways: (1) by increasing the surface roughness, which further
increases the surface stress; (2) by increasing the bottom stress due to the shallow water
depth; and (3) by inducing three-dimensional wave forces. Figures 15 and 16 are plots of
time series of the differences in contributory terms (HA, PG, COR, Sstr, Bstr, StCOR, and
HVF) of the momentum balance with the inclusion of waves in the coupled model at sites
S1-56 during the two CAOs. The momentum balance difference varied significantly in
time and space and vacillated between positive and negative values. In all regions, the PG
exhibited the largest changes in response to waves. The superimposed PG controlled the
direction of the wave-forced current. The inclusion of waves resulted in a considerable
enhancement in the magnitude of the COR and HA, particularly in the open waters. Note
that the COR differences maintained a balance with the PG differences. The Bstr differences,
whose directions were basically the same as the wave-induced current field, displayed
their maximum values at the heads of the four bays. Prakash and Pant [62] also reported
that the inclusion of waves resulted in a considerable enhancement in the magnitude of the
PG and Bstr terms, particularly in shallow regions. The StCOR differences, with a single
peak of increasing and then decreasing values, were significant in the coastal waters. The
differences in the Sstr and HVF were at least one order of magnitude smaller than those of
the other terms.
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Figure 13. Time series of vertically integrated momentum balance terms (Exp1) in the x- and y-
directions at six sites (S1-56) during the CAO-induced GNW wind.
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Figure 14. Time series of vertically integrated momentum balance terms (Expl) in the x- and y-
directions at six sites (S1-56) during the CAO-induced GNE wind.
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Figure 15. Time series of vertically integrated momentum balance term differences (Exp5-Exp1) in the x- and y-directions
at sites S1-S6 during the CAO-induced GNW wind.
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Figure 16. Time series of vertically integrated momentum balance term differences (Exp5-Exp1) in the x- and y-directions
at sites S1-S6 during the CAO-induced GNE wind.
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4.5. Current Effect on the Wave Action Balance

The wave action balance was influenced by the current effect in several ways. First,
Equations (13)—(16) indicated that the current variation induced the advection, refraction,
and wavenumber shift of waves in spatial and spectral spaces [65]. Second, the surface
wind velocity vector was replaced by the difference between the surface current vector
and the surface wind velocity vector, manifested as the relative wind effect [15]. Third,
the currents changed the sea surface roughness and further modulated surf breaking and
whitecapping [66]. Fourth, in the shallow water of the NECS, the storm surge modified the
water depth and changed the bottom friction of the waves.

Figure 17 illustrates the time series of all the energy balance term differences caused
by the current effect during the two CAOs at sites S1-56. The responses of the wave action
balance terms varied with the current velocity both spatially and temporally. Overall, the
GenWind and DisWcap differences, which had similar trends, were the most significant
of all the terms. When the wave—current direction difference was small, the relative
wind effect reduced the energy input to waves and induced less whitecapping, and vice
versa. DisBot increased and decreased markedly with negative and positive storm surges,
respectively. DisSurf decreased because of the current effect in shallow coastal waters,
where the waves preferentially break. Wave PropXY (current-induced wave advection),
PropSigma (wavenumber shift), and PropTheta (wave refraction) differences were related
to the vector sum of wave velocity and current velocity, the gradient of current velocity
along the wave direction, and the gradient of current velocity perpendicular to the wave
direction, respectively. In general, PropXY difference was more significant than PropSigma
and PropTheta differences. PropTheta was enhanced in open waters and reduced in coastal
waters, whereas PropSigma was enhanced in open waters (e.g., S3 and S6) but almost
unchanged in coastal waters. Finally, the difference in TranCur was much smaller than the
differences in the other terms.

Wang and Sheng [33] examined wave—current interactions during three severe weather
events. In the case of fast-moving hurricanes, the dominant mechanisms of the wave-
current interaction on waves included current-induced modification of GenWind, PropXY,
and PropTheta. In the case of a slow-moving winter storm, the effect of the wave—current
interaction on waves depended mainly on GenWind and PropXY. The weather system
characteristics of the CAO event were similar to the winter storm event and the results
were consistent. Unfortunately, previous studies did not discuss the dissipation terms in
the wave action balance and cannot be compared with the related results of this study.

Because of the 5 m limiting depth and the coarse resolution of nearshore regions
in the model configuration, this study did not consider wave evolution and dissipation
in shallow, nearshore regions. Therefore, the noted findings are limited only to open,
deep-water conditions and cannot be generalized to nearshore regions.
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Figure 17. Time series of energy balance term differences (Exp5-Exp2) at sites S1-56 during the CAO-induced GNW wind
(a—f) and GNE wind (g-1).

5. Conclusions

We assessed the impact of nonlinear wave—current interactions on marine dynamic
environment factors (such as sea level, current velocity, and wave height) over the NECS
during CAOs using CFSR wind field data and the COAWST coupled modeling system.
Quantitative estimates for two representative case studies were presented. When the CAO-
induced currents and waves met, significant momentum and energy exchanges occurred.
The wave effect—which intensified the storm surge—superimposed the pressure gradient
force and further induced the residual current. This effect was found to be closely related
to the difference between wave direction and current direction. The pressure gradient
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difference due to the wave effect was more significant than the other momentum balance
terms. The bottom stress difference, which mainly occurred in coastal waters, was much
larger than the surface stress difference and the induced vortex force. The effects of currents
on waves occurred primarily in shallow coastal areas, such as the heads of bays, during
times of pronounced storm surge. The differences in the wave energy balance terms caused
by the current effect were found to be strongly related to the vectors of wave velocity
and current velocity. In particular, the energy generation due to wind input, the energy
dissipation due to whitecapping, and the wave advection all changed significantly in
the NECS.

This study filled a gap in our understanding of wave—current interaction during
CAO:s in the open ocean of the northern East China Sea, away from the coastline. In an
upcoming study, we will include more meteorological systems to explore the similarities
and differences in the impact of the wave—current interactions on storm surges and waves
during tropical cyclones, extratropical cyclones, and CAOs.
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