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Abstract: In this study, the numerical wave model Simulating Waves Nearshore (SWAN),
which resolves nearshore wave processes, and a hydrodynamic model, the Finite-Volume Community
Ocean Model (FVCOM), were coupled to simulate waves and currents during Typhoon Fung-wong
(2014) and Typhoon Chan-hom (2015) around the Zhoushan Islands. Both of these models employ
the same unique unstructured grid. In particular, the influence of sea-surface currents, e.g.,
typhoon-induced and tidal currents, as well as the sea-water level, on wave simulation was studied.
The composite wind field, which is derived from the parametric Holland model and European Centre
for Medium-Range Weather Forecasts (ECMWF) winds (H-E winds), was taken as the forcing field.
TPXO.5 tide data, sea-surface temperatures from the HYbrid Coordinate Ocean Model (HYCOM),
HYCOM sea-surface salinity, and HYCOM sea-surface current were treated as open-boundary
conditions. The comparison of sea-surface-current speed between the FVCOM simulation and the
National Centers for Environmental Prediction (NCEP) Climate Forecast System Version 2 (CFSv2)
data revealed a root-mean-square error (RMSE) of about 0.1206 m/s, with a correlation (Cor) more
than 0.8, while the RMSE of the simulated sea-water level when compared with the HYCOM data
was around 0.13 m, with a Cor of about 0.86. The validation indicated that the simulated results
in this study were reliable. A sensitive experiment revealed that the sea-water level affected the
typhoon-induced wave simulation. Validation against the measurements from the moored buoys
showed an RMSE of <0.9 m for the sea-water level, which specifically reflected less overestimation
during the high-sea state. Moreover, the significant-wave-height (SWH) difference (SWH without the
sea-water level minus SWH with the sea-water level) was as great as −0.5 m around the Zhoushan
Islands during the low-sea state. Furthermore, we studied the typhoon-induced waves when Typhoon
Fung-wong passed the Zhoushan Islands, revealing that the reduction of SWH could be up to 1 m in
the Yangtze Estuary and tidal flats when the maximum waves occurred.

Keywords: typhoon wave; SWAN; FVCOM; current; sea-water level

1. Introduction

Sea surface waves play an important role in the air–sea interaction layer. In particular, tropical
cyclones induce extreme waves, which are a type of destructive nearshore disaster affecting human
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activity and offshore oil platform facilities. Given this, wave simulation is a preeminent topic for the
oceanography community, especially for coastal waters [1,2] and tropical cyclones [3,4]. Two types
of third-generation numerical wave models are popular for wave simulation, i.e., WAVEWATCH-III
(WW3) [5], developed by the National Oceanic and Atmospheric Administration/National Centers for
Environmental Prediction (NOAA/NCEP), and Simulating Waves Nearshore (SWAN) [6], developed
by the Delft University of Technology. Waves are often affected by mesoscale/large-scale circulations,
e.g., currents can shift wave energy due to the Doppler effect, and sea-water levels have an impact
on wave propagation and dissipation due to depth-limited wave breaking. In these circumstances,
the wave–current interaction is highly complex, especially under extreme weather conditions.

It is well known that the SWAN model performs well in the nearshore region, while the WW3
model is widely used for simulating waves in the open sea [7,8]. The advantage of the SWAN
model is the application of an unstructured triangular grid employing an analog of the Gauss–Seidel
sweeping method, which can portray complex coastal regions and numerous barriers, especially
those of islands [9,10]. The discrete implementation of the SWAN model requires special terms,
e.g., the nonlinear interactions [11] due to changes in bathymetry, wave-current, and white-cap
breaking, which affect the evolution of wind-induced waves. The SWAN model utilized in this study
(version 41.20, released in May 2019) has been successfully applied to coastal seas, estuaries [12],
reefs, and lakes [13]. Tropical cyclones exhibit complicated physical dynamics at various spatial scales
during their movement [14–16]. Strong wind-induced waves are generated in deep water, and storm
surges on the continental shelf are large, both of which propagate and are transformed in the complex
nearshore environment due to rapid changes in bathymetry and bottom friction. Wave dissipation also
spreads over long time periods and large spatial scales and smoothly varies on continental shelves,
which should be considered, particularly near islands or other breaking zones. Storm surges raise
sea-water levels and then interact with waves and currents [17]. These issues clearly influence wave
simulations, especially for tropical cyclones [18]. In the typhoon-modeling applications around the
Zhoushan Islands for depths ranging from tens of meters to ten kilometers in the East China Sea,
the dynamics at various spatial scales necessitate the implementation of unstructured grids, ensuring
a variable water depth from kilometers in the deeper East China Seas to hundreds of meters on the
continental shelf and tens of meters near the coastal shorelines.

The Finite-Volume Community Ocean Model (FVCOM) [19,20] is a coastal ocean circulation model
developed by the University of Massachusetts and the Woods Hole Oceanographic Institution [20].
Its basic features include (1) an unstructured grid, (2) a finite volume, (3) free surfaces, and (4) 3D
primitive equations. Similar to the SWAN model, the FVCOM uses the unstructured grid approach,
which is advantageous for resolving dynamics in regions with complex irregular geometry, while the
finite-element/finite-difference methods provide good numerical representations of the equations for
momentum, mass, salt, heat, and tracer conservation. Moreover, the FVCOM makes use of improved
computational fluid dynamics in order to better illustrate the convergence of numerical solutions
for flow discontinuities and large gradients [21]. A comparison between the FVCOM and the two
finite-difference ocean models, i.e., the Princeton Ocean Model (POM) and the Estuarine and Coastal
Ocean Model (ECOM), demonstrated that numerical accuracy is significantly improved by depicting
the physics of waves, tides, and flow in the coastal oceans [22]. The FVCOM has also been employed
to examine the oceanic response to hurricane activity [23–25], and experiments have revealed that it
accurately illustrates tide- and wind-induced rises in the water level [26].

In our previous research [26,27], the performance of input/dissipation source-term packages in the
WAVEWATCH-III model was investigated in typhoons using rectangular meshes. Specifically, it was
found that currents can affect typhoon-induced wave simulations at current speeds > 0.5 m/s and have
a significant influence at current speeds > 2 m/s [28]. Experiments concerning the influence of the
sea-water level on wave simulation based on the FVCOM and SWAN have already been performed [29].
It has been demonstrated that it is critical to include tide and sea-water-level variations in shelf and
nearshore wave simulations [30,31]. The sea water level could be significantly affected by strong tide
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and typhoon-induced wind in complex coastal seas and then modulate the wave properties. Therefore,
in this study, the SWAN and FVCOM, with unstructured grids, were coupled in order to simulate the
waves in two typhoons passing the Zhoushan Islands in the East China Sea. A sensitive experiment
was also performed to analyze the impact of sea-water levels on the wave simulations.

The remainder of this manuscript is organized as follows. The dataset is introduced in Section 2,
i.e., the selected typhoons, forcing fields, and open boundary data, as well as the ancillary data
used for validation. The model settings for the SWAN and FVCOM simulations are also briefly
described. The accuracy of the simulated sea-surface-current speeds, sea-water levels, and ocean waves
is confirmed in Section 3, a discussion is presented in Section 4, and the conclusions are summarized in
Section 5.

2. Dataset Collection and Methods

Two typhoons, Fung-wong and Chan-hom, which passed over the Zhoushan Islands from 17
to 25 September 2014 and 29 June to 12 July 2015, respectively, were selected. The data for the two
cyclones were collected from the Tokyo-Typhoon Center of the Japan Meteorological Agency (JMA).
The tracks of the two typhoons overlaid on the water-depth map are presented in Figure 1a, in which
the black square encloses the waters around the Zhoushan Islands. It can be seen in Figure 1b that the
water depth ranges from kilometers in the East China Seas to tens of meters at the coastal shorelines.
In particular, there is a series of islands at the mouth of Hangzhou Bay, indicating that the buoys located
between Hangzhou Bay and the island chain provide valuable data, since the strong tidal currents,
typhoon-induced currents, and changes in sea-water levels all occur in this area. This confluence of
factors provides us with the opportunity to investigate the effects of typhoon-induced current terms
and storm water terms on wave simulation for typhoons.
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Figure 1. (a) Water-depth map of the selected region in the East China Sea, in which the red and blue
lines represent the tracks of Typhoons Fung-wong (2014) and Chan-hom (2015), respectively, and the
colored dots represent the maximum wind speeds of the typhoons. The area inside the black square
is the geographic region around the Zhoushan Islands, China; (b) bathymetric topography of the
study area corresponding to the black square in Figure 1a, in which the black dots are the available
measurements from moored buoys.

Since 1979, the European Centre for Medium-Range Weather Forecasts (ECMWF) has helpfully
provided atmospheric-marine data with a fine spatial resolution up to 0.125◦ (~12.5 km) at six-hour
intervals every day. As for the analysis of global wave distributions, the ECMWF wind data are
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commonly used in the SWAN [32,33] and WW3 models [34–36]. In this study, however, a composite
wind field, which was derived from the parametric Holland model and ECMWF winds (H-E winds),
was taken as the forcing field for the model simulations. Specifically, the parametric Holland model was
trained by fitting the shape parameter to buoy-measured observations (spots Bs in Figure 1b). The details
of the H-E winds are discussed in Section 3 of [26], and the validation indicates a root-mean-square error
(RMSE) less than 3 m/s for the shape parameter treated as a constant (0.4). Moreover, currents were also
included in the wave simulation using the SWAN model [28]. The simulated waves in the East China
Sea lasted from 1 September to 1 October 2014 and from 1 July to 1 August 2015. The modeling region
was located between 20◦ and 35◦N latitude and 120◦ and 135◦E longitude, in which the bathymetric
topography was provided by the General Bathymetric Chart of the Oceans (GEBCO) with a 0.01◦

(~1 km in the horizontal direction) gridded spatial resolution.
It is well known that storm water inundation is an important factor for assessing marine-hazard

risks under extreme weather conditions [37] and also impacts wave simulation for coastal waters
through various effects, e.g., wave-induced radiation stress, current–wave energy exchange, and bottom
stress. Therefore, the sea-surface current and sea-water level were simulated with the FVCOM for
the same region as the SWAN model, in which the H-E wind was the forcing field. The tide data
from the TPXO.5 model, as well as the sea-surface temperature, sea-surface salinity, and sea-surface
current values derived at 60-minute intervals at a 1/12◦ (~8 km) grid spatial resolution from the HYbrid
Coordinate Ocean Model (HYCOM) were used for the open-boundary condition. The unstructured
grids are illustrated in Figure 2 and are uniquely used in the SWAN and FVCOM simulations. It should
be noted that the simulated currents lasted from 1 July to 1 October 2014 and from 1 May to 1 August
2015, to ensure the stability of the FVCOM [38]. The basic governing equations of the SWAN and
FVCOM simulations are described in Appendices A and B, respectively. The details concerning the
model settings for the FVCOM and SWAN are briefly presented in Tables 1 and 2, respectively.
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Table 1. Settings for the Finite-Volume Community Ocean Model (FVCOM).

Forcing field Holland-European Centre for Medium-Range Weather Forecasts (ECMWF) (H-E) wind
with a spatial resolution of 0.125◦ and time interval of six hours

Open boundary

Water-tide data from TPOX.5;
sea-surface temperature, sea-surface salinity, and sea-surface current values at 60-min
intervals at a 1/12◦ (~8 km) grid spatial resolution from the HYbrid Coordinate Ocean
Model (HYCOM)

Resolution Triangular terrain grid with a 60-min temporal resolution

Table 2. Settings for the Simulating Waves Nearshore (SWAN) model.

Forcing field H-E wind with a spatial resolution of 0.125◦ and time interval of six hours; current
speed simulated by the FVCOM

Frequency bins Logarithmic, between 0.01 and 1, at intervals of ∆f/f = 0. 0.903

Resolution 0.1◦ grid with a 30-min temporal resolution

Bulk formula Bulk formula in [39] employed for including the white capping induced by the high
wind speed

Directional
resolution 10◦ grid ranged from 0◦ to 360◦

Propagation scheme WESTHuysen (non-linear saturation-based white-capping combined with wind)

Bottom friction JONSWAP with a constant friction coefficient

Other settings Wave interactions (QUADrupl); triad wave–wave interactions (TRIad)

In order to validate the simulated current from the FVCOM, sea-surface-current data from the
Climate Forecast System Version 2 (CFSv2) from the National Center of Atmospheric Research (NCAR)
with a coarse spatial resolution (~50 km) were used [28,40]. As an example, the map of the CFSv2 current
vectors at 06:00 UTC on 11 July 2015 during Typhoon Chan-hom is shown in Figure 3. Although the
Kuroshio current in the Taiwan Strait is not very apparent in this figure due to the coarse spatial
resolution, the strong wind-driven current with a spiral structure can be seen around the Zhoushan
Islands. The FVCOM-simulated sea-water levels during the two typhoons were compared with
results from the HYCOM data, which were officially released on the HYCOM’s homepage. Figure 4
shows the sea-water-level map from the HYCOM data at 12:00 UTC on 22 September 2014 during
Typhoon Fung-wong, exhibiting the storm-surge pattern around the Zhoushan Islands. Moreover,
a cyclonic pattern exists, as denoted by the black ellipse in Figure 4, which could be an indicator of
offshore upwelling off eastern Guangdong Province, China [41]. In addition, wave measurements
from the Jason-2 altimeter mission, which has proven to be good for wave monitoring over global
seas [42], were collected during the simulation periods in order to validate the model-simulated waves,
i.e., those generated by the WW3 [43] and SWAN [44] models. Figure 5 shows the footprints from
the Jason-2 altimeter overlaid on the water-depth map of September 2014, from which the altimeter
significant wave height (SWH) data covering the red square were used to validate the simulations by
the SWAN model.
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3. Results

In order to confirm the FVCOM output, its simulations of currents and sea-water levels were
visualized and then compared with the CFSv2 and HYCOM data, respectively. In addition, waves
from the SWAN model for the two typhoons were validated against the satellite altimeter observations.

3.1. Simulation of Sea-Surface Current

Figure 6 shows the current maps from the FVCOM simulation for the periods of Typhoon
Fung-wong and Typhoon Chan-hom, respectively. These two cases are located in the region around the
Zhoushan Islands, corresponding to the red square in Figure 5. Figure 6a was captured at 13:00 UTC on
22 September 2014, and Figure 6b, at 06:00 UTC on 11 July 2015, when the typhoons were close to the
Zhoushan Islands [26]. It is observed that the current speed away from the land increased significantly
due to strong winds, reaching 1 m/s. In the region far from the Yangtze Estuary in Figure 6a, it can
be seen that the current exhibited an approximate spiral pattern, which was induced by the cyclonic
winds associated with the typhoon path in Figure 1a. This type of pattern is also clearly observed
in Figure 6b, which is south of the Zhoushan Islands. Moreover, the currents (presumably due to
the tides [45]) are well simulated around the Zhoushan Islands due to the fine spatial resolution of
the triangular grid, although these currents are not apparent in Figure 3. To confirm the accuracy of
the currents in the FVCOM model, CFSv2 data were directly employed. We selected three typical
regions around the Zhoushan Islands to statistically analyze the current speed, as presented in Figure 7.
Note that Region A is located in the Yangtze Estuary and tidal flats where the tidal current is relatively
strong. In particular, three representative specific locations were also selected for studying the extreme
waves later. Figure 8 shows the comparisons at Regions A to C, revealing that the RMSE of the current
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speed was around 0.6 m/s, with a correlation (Cor) more than 0.8. It was also found that the simulated
current speeds from the FVCOM were generally higher than those from the CFSv2, with values > 0.3 m,
probably caused by the typhoons. We believe that this sort of behavior is reasonable since the composite
H-E winds were taken as the forcing field, thus indicating that the underestimation of the ECMWF
winds was improved [46]. In particular, the maximum current speeds occur in the Yangtze Estuary
and tidal flats, indicating that the tidal current is relatively strong in such regions [47].
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3.2. Simulation of Sea-Water Level

Figure 9 presents the sea-water level maps simulated by the FVCOM at 13:00 UTC on 22 September
2014 (Figure 9a) and 06:00 UTC on 11 July 2014 (Figure 8b). It can be observed that strong winds
raise the sea-water level around the Zhoushan Islands, indicating a rise of more than 1 m for the two
cases. Interestingly, the sea-water level decreased slightly (~0.2 m) and exhibited a spiral structure,
as indicated by the red ellipse in Figure 9b. This pattern is similar to the cyclonic decrease in sea-water
level around the Pearl River Estuary shown in Figure 4, and could be the result of either Ekman
pumping induced by typhoons or a local mesoscale eddy. This phenomenon is worthy of further study
in the future. Unfortunately, independent data, including sea-water levels, are unavailable for public
investigators. Therefore, HYCOM sea-water level data were compared with the FVCOM simulations.
Figure 10 shows the statistical comparison of the sea-water levels at Regions A to C in Figure 7, revealing
an RMSE of around 0.13 m, with a Cor of about 0.86. Thus, the sea-water level simulated by the
FVCOM was found to be suitable for conducting the sensitive typhoon-wave-simulation experiment.
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3.3. Simulation of Significant Wave Height

Figure 11 shows the simulated wave maps from the SWAN model considering one condition.
It can be seen that the SWH reached 10 m at 14:00 UTC on 22 September 2014 during Typhoon
Fung-wong, in which the cyclone center was located over the main island of the Zhoushan Islands.
The cyclonic pattern was apparent on the high seas in the East China Sea, although the difference in
the coastal regions was significant, e.g., in the Yangtze Estuary and the tidal flats around the Zhoushan
Islands. We consistently focused on analyzing the difference between the simulated results from the
SWAN model for two conditions, i.e., SWH without the sea-water level minus SWH with the sea-water
level. Figure 12 shows that high sea-water level seemed to affect the simulated SWH from the SWAN
model; in particular, the difference was up to −0.5 m in the coastal regions due to higher water levels
and reduction in breaking/friction. Therefore, we believe that the tidal current and sea-water level play
more important roles than the typhoon-induced current in the typhoon-induced wave simulation.
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Figure 12. Difference between simulated results from the SWAN model under two conditions
(significant wave height (SWH) without sea-water level minus SWH with sea-water level) at 14:00 UTC
on 22 September 2014.

Measurements were collected from the altimeter Jason-2 with spatial coverage around the
Zhoushan Islands, as marked by the red rectangle in Figure 5. The time series of the SWH from the
SWAN model and buoy ID:B14 during typhoon Fung-wong is shown in Figure 13, and it was found that
the SWAN simulations were consist with the measurements from the buoy. We compared the simulated
results from the SWAN model with the measurements for more than 15,000 matchups. The statistical
analysis is plotted in Figure 14. The RMSE was 0.95 m, and the Cor was 0.84 (Figure 14b)—lower than
the 1.21 m RMSE and 0.75 Cor when the sea-water level was not included (Figure 14a). Moreover,
overestimation was clearly apparent in the high-sea state (SWH > 6 m) without the sea-water level term,
while considering the latter significantly improved the wave simulation’s performance. Moreover,
there seems to be an underprediction by the SWAN model in the low-sea state (SWH < 2 m), which is
probably caused by low winds in the H-E model. Meanwhile, the simulated waves were also validated
against the measurements from the five moored buoys during the periods 21–23 September 2014
and 10–13 July 2015, as listed in Table 3. Note that measurements from ID: B11 were not available
during Typhoon Chan-hom. In general, the results were also consistent with the buoy measurements,
indicating SWHs with a ~0.8-m RMSE and Cor > 0.8. Collectively, these findings suggest that the
sea-water level should be included in the wave simulation using the SWAN model for typhoons and
hurricanes, since it modulates waves in both low- and high-sea states.

Table 3. Comparison between the results from the SWAN model and the moored buoys.

ID: B11 ID: B12 ID: B13 ID: B14 ID: B15 ID: B20

RMSE 0.84 0.64 0.79 0.84 0.88 0.75

Cor 0.92 0.93 0.84 0.94 0.85 0.94

Bias 0.44 0.19 0.75 0.19 −0.21 0.31
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Figure 14. Comparison between significant wave heights simulated by the SWAN model and the
measurements from the Jason-2 altimeter for a 0.14-m bin between 0 and 9 m, in which the error bars
represent the standard deviation at each bin: (a) without the sea-water level term; (b) with the sea-water
level term.

4. Discussion

We further investigated the characteristics of the typhoon-induced waves when Typhoon
Fung-wong passed the Zhoushan Islands. In particular, three points in Regions A to C were selected,
which are marked in Figure 7. The average SWH maps simulated by the SWAN model during the period
from 20 to 23 September 2014 are shown in Figure 15; the maximum SWH was 6 m, but the high-sea
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state induced by the typhoon waves seems to have been blocked outside of the Zhoushan Islands
when the typhoon track encountered the islands. This kind of behavior is apparent on 22 September
2014. We think that the barrier of islands results in the low-sea state in typhoons.
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Figure 16 shows the time series of the simulated SWH from the SWAN model during the
period from 20 September to 24 September 2014 corresponding to the three points A–C in Figure 7;
the maximum SWH was 7 m on 22 September when the typhoon’s path crossed the islands. It is not
surprising that the SWH at Points A and B is smaller than that at Point C, because Point C is located in
open sea and the sea-water levels should modify the waves at Points A and B in the Yangtze Estuary
and tidal flats. It is also clearly observed that the tendency of the SWH at Points A and B accords with
the time series. Especially during the period from 00:00 20 September to 12:00 20 September, the SWH
decreases at Points A and B, which is probably caused by the change in sea-water levels, while the
SWH decreases at Point C. Interestingly, low SWH is achieved at Point A, e.g., there was a reduction of
more than 1m on 23 September, when the maximum SWH occurred.
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5. Conclusions

The tidal currents are often strong, and the sea-water levels vary in some areas, e.g., the Yangtze
Estuary, Hangzhou Bay, and the Zhoushan Islands. In our previous study [26], typhoon waves
were simulated by the WAVEWATCH-III model around the Zhoushan Islands, although these
were simulated without considering the influence of currents and sea-water levels during Typhoon
Fung-wong (2014) and Typhoon Chan-hom (2015). The effect of typhoon-induced currents and the
Kuroshio Current on typhoon-induced wave simulation has been frequently studied, and it has been
concluded that SWH is significantly correlated with wind-induced-current speed when the current
speed is >0.5 m/s [28]. The main purpose of this study was to investigate the influence of sea-water
levels on wave simulation using the SWAN model and the FVCOM in the shallow waters around
the Zhoushan Islands. These two numerical ocean models share a unique unstructured grid of the
same simulated region. The composited H-E wind was utilized as the forcing field when running
the model. The validation of H-E winds against the measurements from moored buoys has been
discussed in [26] and could ameliorate the underestimation of ECMWF winds. Specifically, TPXO.5
tide data and HYCOM sea-surface-temperature, sea-surface salinity, and sea-surface-current data were
also collected, which were taken as the open-boundary conditions. The comparison of the simulated
current speeds from the FVCOM with those from the CFSv2 revealed a 0.12-m RMSE with a 0.73 Cor.
Similarly, the HYCOM sea-water level data were used to confirm the accuracy of the simulations from
the FVCOM, yielding a 0.2-m RMSE and 0.73 Cor.

Waves were simulated by the SWAN model under two conditions: (1) including the wind and
current, and (2) including the wind, current, and sea-water level. The pattern of differences between
them (up to −0.5 m) was consistent with the pattern of the simulated wave height from the FVCOM in
coastal regions, e.g., in the Yangtze Estuary and tidal flats around the Zhoushan Islands. The validation
of the SWH with the sea-water level against Jason-2 altimeter data and moored buoy measurements
demonstrated an RMSE < 0.9 m with a Cor > 0.8. In particular, the overestimation in the high-sea
state (SWH > 6 m) without the sea-water level term was ameliorated. Therefore, we conclude that the
sea-water level should be in included in typhoon-induced wave simulations with the SWAN model.

Three representative specific locations were selected to study the characteristics of extreme waves
around the Zhoushan Islands during Typhoon Fung-wong (2014). It was found that the SWHs at
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Points A and B located in the Yangtze Estuary and tidal flats were generally smaller than the SWH at
Point C in open sea due to the barrier of islands. In particular, the reduction of SWH was up to 1 m
on 23 September 2014, when the maximum waves occurred. As a matter of fact, mesoscale eddies
and upwelling are common in coastal waters. In the near future, we plan to study the coastal oceanic
feedbacks of typhoons, e.g., Ekman pumping and sea-surface-temperature cooling.
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Appendix A

The governing equation of the SWAN model considering ambient current is determined by the
evolution of the wave spectrum and expressed as follows:

∂N
∂t

+ ∆ ·
[(

Cg + V
)
N
]
+
∂CωN
∂ω

+
∂CθN
∂θ

=
St

ω
, (A1)

in which N is the wave-action-density spectrum; t is the time; ω is the wave frequency; θ is the
wave-propagation direction; Cω and Cθ are the wave-propagation velocities in terms of the spectral
space ω and θ, respectively; Cg is the group-velocity vector; V is the sea-surface-current vector; and ∆
is the Hamiltonian divergence operator. St comprises the input and dissipation source terms, stated as

St = Sin + Sbot + Snl + Stq + Sdb, (A2)

where St includes an atmosphere–wave interaction term of the function for the wind-induced wave
growth Sin; Sbot is the friction induced by wave–bottom interaction; Snl is the nonlinear wave–wave
interaction term; Stq is the three- (triad) and four-wave components (quadruplets) of the wave–wave
interactions; and Sdb is the wave decay due to white capping and depth-induced wave breaking.
More detailed descriptions of these terms are provided in the technical manual of the SWAN model.

Appendix B

The governing equations of the FVCOM consist of the following momentum, continuity,
temperature, salinity, and density expressions:

∂u
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∂u
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)
+ Fu, (A3)
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http://www.ecmwf.int
https://www.tpxo.net
https://www.hycom.org
http://cfs.ncep.noaa.gov
ftp.edcftp.cr.usgs.gov


J. Mar. Sci. Eng. 2020, 8, 783 16 of 18

∂w
∂t

+ u
∂w
∂x

+ v
∂w
∂y

+ w
∂w
∂z

= −
1
ρ

∂q
∂y

+
∂
∂z

(
Km

∂w
∂z

)
+ Fw, (A5)
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ρ = ρ(T, S, P), (A9)

where x, y, and z are the east, north, and vertical axes in the Cartesian coordinate system, respectively;
u, v, and w are the x, y, and z velocity components, respectively; T is the sea temperature; S is the
salinity; ρ is the sea-water density; pa is the air pressure at the sea surface; pH is the hydrostatic
pressure; q is the non-hydrostatic pressure; f is the Coriolis parameter; g is the acceleration of gravity;
Km is the vertical-eddy-viscosity coefficient; and Kh is the thermal-vertical-eddy-diffusion coefficient.
Fu, Fv, and Fw represent the horizontal momentum in the x direction, horizontal momentum in the y
direction, and vertical momentum in the z direction, respectively; FT and FS represent the thermal and
salt diffusion terms, respectively. The total water-column depth is D = H + ζ, in which H is the bottom
depth (relative to z = 0) and ζ is the height of the free surface (relative to z = 0). p = pa + pH + q is the
total pressure, in which the hydrostatic pressure pH satisfies

∂pH

∂z
= −ρg =⇒ pH = ρogζ+ g

∫ 0

z
ρdz′. (A10)

These terms are described in further detail in the user manual of the FVCOM.
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