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Abstract: The study of upper ocean mixing processes, including their dynamics and thermodynamics,
has been a primary focus for oceanographers and meteorologists. Wave breaking in deep water is
believed to play a significant role in these processes, affecting air-sea interactions and contributing to
the energy dissipation of surface waves. This, in turn, enhances the transfer of gas, heat, and mass at
the ocean surface. In this paper, we use the FVCOM-SWAVE coupled wave and current model, which
is based on the MY-2.5 turbulent closure model, to examine the response of upper ocean turbulent
kinetic energy (TKE) and temperature to various wave breaking parametric schemes. We propose a
new parametric scheme for wave breaking energy at the sea surface, which is based on the correlation
between breaking wave parameter Rp and whitecap coverage. The impact of this new wave breaking
parametric scheme on the upper ocean under typhoon conditions is analyzed by comparing it with
the original parametric scheme that is primarily influenced by wave age. The wave field simulated
by SWAVE was verified using Jason-3 satellite altimeter data, confirming the effectiveness of the
simulation. The simulation results for upper ocean temperature were also validated using OISST
data and Argo float observational data. Our findings indicate that, under the influence of Typhoon
Nanmadol, both parametric schemes can transfer the energy of sea surface wave breaking into the
seawater. The new wave breaking parameter Rp scheme effectively enhances turbulent mixing at
the ocean surface, leading to a decrease in sea surface temperature (SST) and an increase in mixed
layer depth (MLD). This further improves upon the issue of uneven mixing of seawater at the air-sea
interface in the MY-2.5 turbulent closure model. However, it is important to note that wave breaking
under typhoon conditions is only one aspect of wave impact on ocean disturbances. Therefore,
further research is needed to fully understand the impact of waves on upper ocean mixing, including
the consideration of other wave mechanisms.
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1. Introduction

In recent years, as research on the coupling of physical processes between the up-
per ocean and the lower atmosphere has deepened, wave motion studies have garnered
unprecedented attention. This focus is not on the wave phenomenon itself but rather on
waves’ influence on other oceanic dynamic processes. Predominant mechanisms through
which ocean wave motion induces upper ocean mixing include turbulent mixing triggered
by wave radiation stress, turbulent mixing resulting from wave breaking, and Langmuir
circulation mixing, which forms due to interaction between Stokes drift and wind-driven
shear flow [1-3]. Building on prior work, this paper examines the impact of turbulent
mixing induced by wave breaking on upper ocean temperature simulations.
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Wave breaking, often manifesting as whitecaps, is a prevalent physical phenomenon in
the ocean. Wave breaking denotes the collapse of a wave front when it reaches a critical state
and can no longer maintain stability. This phenomenon occurs across a multi-scale range
and exhibits strong nonlinear characteristics. Consequently, this physical phenomenon is
parameterized within wave models [4]. Wave breaking constrains wave heights at the sea
surface, facilitating the transfer of mass, momentum, and heat between the atmosphere and
the ocean. It plays a crucial role in upper ocean dynamics and air-sea interactions, and is
regarded as the predominant mechanism for wave energy dissipation [5]. However, there
are still some differences in the comparison between numerical simulation and measured
results that require further investigation.

While many early numerical simulations of ocean circulation overlooked the impacts of
ocean waves and wave breaking, it is now recognized that wave breaking can significantly
influence model outcomes, particularly in the context of simulating sea surface temper-
ature (SST) during intense marine conditions. Ocean circulation models are believed to
overstate sea surface temperatures and underestimate the mixed layer’s depth, attributed
to insufficient upper mixing due to an inadequate consideration of surface action and
wave breaking [6]. Wave breaking serves as a primary source of turbulent kinetic energy
(TKE), injecting wave energy into the water column. This creates a near-surface turbulent
boundary layer where the injected energy is ultimately dissipated through turbulence [3,7].
Wada et al. [8] showed that under strong wind events, wave energy dissipation from wave
breaking dominates the strong vertical mixing of the continental shelf. Carniel et al. [9]
incorporated turbulent kinetic energy (TKE) derived from wave breaking into oceanic
models by employing a universal length scale (GLS) scheme for parameterizing vertical
mixing. They underscored the necessity of including wave-induced turbulence to enhance
the precision of ocean surface temperature profiles. Thomson et al. [10] introduced the
TKE flux caused by wave breaking into the numerical model and found that the depth of
influence of wave breaking is related to the vertical reference frame. Utilizing the integrated
circulation model NEMO and the wave model WAM, Alari et al. [11] incorporated the
effects of wave breaking and ascertained its significant impact on sea surface temperature
(SST), vertical temperature distribution, and upwelling phenomena. Breivik et al. [12],
working with the NEMO circulation model, explored the implications of sea surface stress,
turbulent kinetic energy (TKE) flux from wave breaking, and Stokes Coriolis stress on the
mixed layer. They discerned that these three physical mechanisms substantially contribute
to diminishing deviations in sea surface temperature (SST). Guan et al. [13] determined
that wave breaking acts as a generator of turbulence close to the sea surface, creating an
influential magnetosphere within the upper section of the mixed layer. In this region, the
distribution of the turbulent dissipation rate deviates from the prescriptions of the solid
wall law, with the penetrative depth of wave breaking potentially extending to five to ten
times the significant wave height. Mellor and Blumberg [14] augmented the original M-Y
scheme to account for wave breaking effects by refining the surface boundary conditions
of the turbulent kinetic energy (TKE) equation. To examine the influence of wave break-
ing on the turbulent energy budget within the mixed layer, Sun et al. [15] employed a
one-dimensional vertical turbulent enclosed mixing model and integrated the turbulent
kinetic energy (TKE) flux produced by wave breaking by adjusting the TKE equation’s
upper boundary conditions. Their findings revealed that the TKE flux stemming from
wave breaking at the sea surface influences the local equilibrium among diverse turbulent
energy components within the mixed layer.

Despite years of research and advancements, the impact of wave breaking on oceanic
mixing remains a subject of debate. Within the upper boundary conditions of uncou-
pled current numerical models, wave parameterization predominantly relies on wind
parameters. In coupled models, wave attributes such as wave age and wave steepness are
frequently employed to characterize the wave breaking phenomenon. Toba and Koga [16]
introduced a pioneering dimensionless parameter, the wind and sea Reynolds number Rp.
This parameter amalgamates wind and wave properties, offering, in their view, a more
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accurate depiction of whitecap coverage compared to isolated measures like wave age
or wave steepness. Building on this, Zhao [17] employed the breaking wave parameter
Rp to quantify the extent of sea wave breaking and demonstrated that Rp can effectively
represent the overall wave breaking behavior under the action of locally balanced wind
waves. Later, Rp has been widely used in the air-sea boundary layer. It is used to study
sea surface gasses, momentum transport [17,18], and the generation of sea droplets [19,20].
Hence, in alignment with Zhao’s pertinent studies [17,21], we advocate for the integration
of the whitecap dissipation rate, calibrated using the breaking wave parameter Rp, into
the wave breaking energy equation. This integration would enable the wave breaking
parameterization method to concurrently consider both wind field attributes and wave
characteristics, thereby facilitating a comprehensive investigation into the upper ocean’s
responses to various wave breaking parameterization methods.

To explore the impact of wave breaking on upper ocean temperature during extreme
sea conditions, this study utilizes the FVCOM-SWAVE coupled wave and current model.
The turbulent kinetic energy (TKE) flux resulting from wave breaking is calculated using the
whitecap coverage rate, which is determined by the wind and sea Reynolds number. This
approach differs from the original model by Craig and Banner et al. [22], which employs a
wave age-dominated wave breaking parameterization method. The boundary conditions of
the FVCOM ocean circulation model were modified to examine the effects of wave breaking
during typhoon conditions on the TKE and temperature of the upper layer in the Western
Pacific Ocean.

2. Methodology
2.1. Descriptions of the Modeling System

The FVCOM is a three-dimensional, free-surface, primitive equation model initially
developed by Chen et al. [23]. It has been widely used in coastal oceans, estuaries, lagoons,
and large lakes, as referenced in studies [24-28]. Utilizing unstructured triangular meshes
and sigma coordinates for horizontal and vertical dimensions, respectively, the FVCOM
effectively delineates intricate coastlines and the pronounced variability in nearshore
bathymetry. The model incorporates the modified Mellor and Yamada level 2.5 scheme
(MY-2.5) [29] and Smagorinsky’s [30] turbulent closure parameterizations to compute
vertical and horizontal mixing processes. The model employs hydrostatic and Boussinesq
approximations, wherein density variations are disregarded except in the term that is
multiplied by gravity in the buoyancy force equation.

The Surface Wave Model SWAVE, a third-generation wave model [23], has been exten-
sively utilized to elucidate wave dynamics in coastal oceans, the Great Lakes, and the Arctic
Ocean, as cited in studies [31-33]. This model characterizes wave evolution processes in
both deep and shallow waters through the solution of the wave action balance equation.
The governing equation incorporates numerous factors such as wind-induced wave genera-
tion, wave propagation, three- and four-wave nonlinear interactions, whitecapping, bottom
frictional dissipation, and depth-induced breaking. Frequency and directional space are dis-
cretized using the flux-corrected transport algorithm and an implicit Crank-Nicolson solver,
respectively. In geographic space, an implicit second-order upwind finite-volume scheme
is employed. For detailed model descriptions, refer to Qi et al. [34] and Mao et al. [32].

Driven by the wind field, the wave model SWAVE calculates the significant wave
height H;, spectral peak period Tj, wave direction Dir, and wavelength L of the ocean
current model. Therefore, the wave model can provide a simulation wave field for FVCOM
to study the impact of turbulent mixing caused by wave breaking on the ocean.

2.2. Wave Breaking Parameterization

In the FVCOM-SWAVE model of wave and current coupling, the MY-2.5 level g — ¢°I
(where g2 is the turbulent kinetic energy and ! is the turbulent macroscale) proposed by
Mellor and Yamada [35] is used. MY-2.5 is for the parameterization of vertical eddy viscosity
(Kn) and vertical thermal diffusion coefficient (Kj,). In this study, the air-sea boundary
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scheme of the classical MY-2.5 turbulent closure model [35] was used as the control group,
and the wave breaking parameterization scheme of wave age [14] and breaking wave
parameter Rp was used as the experimental group.

2.2.1. Classical Boundary Layer Scheme

In the MY-2.5 model, in the boundary layer approximation, the shear generation of
TKE is generated by the vertical shear of the horizontal flow near the boundary; 4% and g?!
of the equation of the sum can be simplified as follows [23]:

CLCT G .. Loy (g2
at+”a +vay +wa =2(P; + P, s)+a an +F 1)

ol | 3Pl | Pl 3Pl W 9 aq21

where g% = (u’ 2407 4w 2) /2 is turbulence kinetic energy (TKE); 1/, v/, w/, respectively, rep-
resent the variance of the velocity in three directions; ! is the turbulence macroscopic scale; K,

2 2
is the vertical eddy diffusion coefficient of turbulent kinetic energy; Ps = K {(gg) + ( g—g) }

and P, = (gKypz)/po are the shear and buoyancy generation terms of TKE; K, is the
vertical eddy viscosity coefficient; Kj, is the thermal vertical eddy diffusion coefficient;
¢ = q°/Byl is the turbulent kinetic energy dissipation rate, B; = 0.74; W = 1 + EI2/ (KL)2
is a wall proximity function where L™! = (a& — z) 4 (H+ z)7'; k = 0.4 is the von Kar-
man constant; H is the water depth; and e is the free-surface elevation; z represents the
water depth at which the grid point is calculated [23]. F; and F; represent local bound-
ary forcing and the remaining four terms of each equation represent vertical diffusion,
generation by vertical shear, conversion to and from potential energy, and dissipation [35].

In the classical MY-2.5 model, the surface and bottom boundary conditions of the
turbulent kinetic energy (TKE) are

FP1=0, ¢ = B]3u%'S’ z=1{_(x,y,t) ©)

Pl=0, f = B3u2, z = —H(x,y) (4)

where u.s and u, are the water friction velocity associated with the water surface and
the sea floor, z is the mean surface elevation, and since q2 = 0 at both the surface and the
bottom, [ is identical to 0 at the boundary, which means that Ky, K}, and K are identical
to zero at the surface. This simplification is developed by the MY-2.5 turbulent closure
model for layered boundary layers near rigid surfaces, where the main equilibrium in the
turbulent kinetic energy (TKE) equation is the equilibrium between local shear generation,
buoyancy generation, and dissipation [35]. This hypothesis may work for atmospheric
models, but not for ocean models where surface waves are present.

2.2.2. Wave Age Parameterization

Mellor and Blumberg [14], utilizing the wave age one-dimensional turbulence model
of the upper ocean introduced by Craig and Banner [22], derived the wave age parame-
terization scheme (5). This scheme was achieved by adapting Formulas (1) and (2) to the

M-Y format: ) 3
aq _ 2"‘CB Uz _
aZ - Kq 7 z = C(x/ ]// t) (5)
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where «acp is the parameter related to wave age. Based on the best fitting of the existing
observational data [36], acp can be approximated as

dep = 1521 exp [ (0.04c, /u.)'] ©6)

where c;, is the phase velocity of the wave at the main frequency; u, is the air friction speed
(u+ = 30urs); and B = cp/u. is the wave age. The value of acp varies significantly with
the wave age [14].

2.2.3. Breaking Wave Parameter Rp Parameterization

Toba et al. [18] believe that the parameter Rp may be better than the wave age 8 or
the friction speed u, to study the changing behavior of the sea surface drag coefficient. Rp
was first proposed by Toba and Koga [16] and called the wind—sea Reynolds number. At
first, Rp was used as the breaking wave parameter [17] to measure the breaking degree
of sea waves. Later, it was widely used in the air-sea boundary layer to study the gas
and momentum transport [17,18] and the generation of sea droplets [19,20]. The specific
expression is

3

Ry = 7
B Wy ()

where 1, is the friction velocity, where v = 1.5 x 107> m? /s is the air kinematic viscosity
coefficient, and w, = 271/ T; is the circular frequency corresponding to the wind wave
spectrum peak.

Wave age B, wave period Ts, and wind and sea Reynolds number Rp are all called
wind wave parameters, and they can all describe the properties of wind waves, but which of
these wind wave parameters can best describe the change in the whitecap coverage of wave
breaking? In order to answer this question, Zhao [21] summarizes previous experimental
observation data including wind and wave elements, drag coefficient, and wind; calculates
regression correlation coefficients of whitecap coverage with wave age 8, period Ts, wind
speed U, friction velocity u., and breaking wave parameters Rp by the least square method;
and gives regression formulas of correlation coefficients. Formulas (8) to (12):

W =469 x 10738% r =043 (8)
W =3.14 x 102728 r = 0.78 9)
W =298 x 107°U*™ r = 0.79 (10)
W =859u>%2 =080 (11)
W =388 x 10 °RE” r =0.88 (12)

Although wave age 8 has been employed to indicate the extent of wind wave develop-
ment relative to local wind conditions, its correlation coefficient with whitecap coverage is
a modest 0.43. Consequently, its effectiveness as a parameterization for whitecap coverage
is suboptimal. The breaking wave parameter Rp, as proposed by Toba and Koga [18],
amalgamates the characteristics of both wind and wind-driven waves, offering a supe-
rior description of whitecap coverage and boasting the highest correlation coefficient.
Hence, we advocate for the adoption of Rp as the wave breaking scheme. Combined
with Komen et al. [37], who summarized the contribution of wave energy dissipation, we
employ a straightforward parametric method to estimate the energy dissipated due to
wave breaking:

Rgis = vpwgWwpE (13)

where R;;; denotes the turbulent kinetic energy flux caused by wave breaking in the water
column per unit area, and v is the percentage of the energy dissipated per unit whitecap
in the total wave energy dissipation, generally taken as 0.1. py, is the sea water density,
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1
W is the whitecap coverage, w, is the wave frequency, and E = [ F(k)dk = RH% /3 18

spectral density.
The wave breakage rate W of Zhao [21] is obtained by substituting (7) and (12) into
(13) through the parametric scheme Rp fitted with measured data.

B u% 1.09
Rgis = 3.88 x 10 5’ypwg(wpv) wyE (14)

When considering the impact of wave breaking on sea surface temperature, a turbulent
kinetic energy flux is generated at the sea surface. Under these circumstances, the wave
breaking parameterization scheme can be incorporated into the equation used to calculate
turbulent kinetic energy.

0g?

in

5 = 0.703p,gu%"%w, "E (15)

z=0

The SWAVE coupled wave model is employed to replicate wave data. Moreover, the
upper boundary conditions for the TKE within the general circulation model FVCOM are
conveyed via online coupling. By incorporating the TKE flux induced by wave breaking,
this study aims to examine the impact of wave breaking on typhoon simulations.

3. Materials and Methods
3.1. Typhoon Introduction

The experimental typhoon, Nanmadol, originated in the northwest Pacific Ocean,
southeast of Kyushu Island, Japan, at 2:00 on 14 September 2022 (UTC). It attained typhoon
status at 14:00 on September 15 (UTC). On the afternoon of September 16, Nanmadol under-
went swift intensification, transitioning from a standard typhoon to a super typhoon. The
central maximum wind speed escalated from 38 m/s to 52 m/s prior to its west-northward
movement. On the afternoon of September 18, Typhoon Nanmadol reached the coast of
Shinjuku City, Kyushu Island, Japan. Post-landfall, its strength diminished, and it veered
towards the northeast. At 8:00 on September 20 (UTC), Typhoon Nanmadol transitioned to
an extratropical system over northern Honshu, Japan. Figure 1’s circles depict the typhoon’s
position every six hours. Nanmadol generated significant wind and wave activity in the
East China Sea and led to severe damage in Japan.

45°N 1 0 (m)
-1000

35°N
-2000
250N -3000
~4000

15°N
-5000
5°N —6000

105°E  115°E  125°E  135°E  145°E

Figure 1. Location information of the Western Pacific region, water depth, typhoon track, and
verification data: the illustrated area is the model range. (a—d) The four color lines are the paths of the
Jason-3 satellite altimeter during the typhoon. (A1-A4) The red “+” indicates the location of the Argo
buoy. The black “-0” line segment indicates the path of Typhoon Nanmadol, and the circle indicates
the position of the typhoon every 6 h.
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3.2. Model Setup

The model domain covers offshore China and the Western Pacific Ocean (100°E-155°E,
3°N-55°N) with an average horizontal resolution of 0.1° and vertical resolution of 55 layers,
encrypted in water depths of 100 m. The unstructured triangular mesh has 26073 mesh
points and 50244 mesh elements. The bathymetric data come from ETOPOL1 data (Figure 2).
Using NAO.99b tide inversion software (https://www.miz.nao.ac.jp/staffs /nao99/index_
En.html, accessed on 1 June 2024), the tidal drives at the most open boundary of the eight
tidal components (M2, 52, K1, O1, N2, K2, P1, Q1) are calculated. Atmospheric forcing is
applied in the form of a global formula, the wind (10 m), sea level pressure, and short-wave
and long-wave radiation by hour ERA—5 mesoscale reanalysis dataset (https://cds.climate.
copernicus.eu/#!/home, accessed on 1 June 2024) drives; the ERA—?5 reanalysis dataset is
the most commonly used data source in marine science [38,39]. The model was initialized
on 14 September 2022, at 00:00 UTC using the Global HYCOM (hybrid coordinate ocean
model) ocean data (https:/ /www.hycom.org/, accessed on 1 June 2024) in its initial state of
1/12 degrees. We obtained a stable state of the ocean before the 15 September analysis. The
typhoon path data were from the China Meteorological Administration (CMA) tropical
cyclone data center (https://tcdata.typhoon.org.cn/zjljsjj.html, accessed on 1 June 2024)
every 6 h for a path point (Figure 1).

S0°N |

40°N r

30°N |

Depth (km)

20°N r

10°N

100°E  110°E 120°E 130°E 140°E 150°E

Figure 2. The Western Pacific unstructured grid domain and model water depth information.

Our research focuses on the upper ocean’s response to the wave breaking param-
eterization scheme during the period from Typhoon Nanmadol formation to its initial
landfall in Japan in the Western Pacific Ocean. Utilizing the Jason-3 satellite altimeter
(https:/ /www.aviso.altimetry.fr/en/home.html, accessed on 1 June 2024), we verified the
wave height and confirmed that the SWAVE wave model can generate an accurate and
efficient wave field. The Daily Optimal Interpolation Sea Surface Temperature (OISST) in-
corporates data from various platforms, including satellites, ships, and Argo floats, as well
as Argo observations (https:/ /www.ncei.noaa.gov/products/optimum-interpolation-sst,
accessed on 1 June 2024). These data sources were juxtaposed with the simulated upper
ocean temperatures, and the vertical profile data (https://argo.ucsd.edu/, accessed on
1 June 2024) were used for comparison.

4. Results and Discussion
4.1. Wave Simulation Result

Typhoon Nanmadol generated significant waves, as depicted in Figure 3. This figure
illustrates four key stages of the significant wave height (SWH) and influence range on the
ocean surface, resulting from the intense wind field of Typhoon Nanmadol. On September
16, Nanmadol neared its development into a strong typhoon (Figure 3a). At this stage, the
central wind speed reached approximately 38 m/s, generating wave heights of around
6.6 m on the right side of its track. Between September 17 and September 18 (Figure 3b,c),
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Nanmadol evolved further into a super typhoon. Its maximum central wind speed hit
62 m/s, producing waves ranging from 12 m to a peak of 13.4 m in the Western Pacific.
This significantly broadened its impact area, encompassing the entire East China Sea.
On September 19, prior to Nanmadol landfall, its structural characteristics underwent
alteration [40]. The typhoon diminished in strength before making landfall in southern
Japan with a robust wind speed of 40 m/s, resulting in substantial waves of approximately
10 m.

Significant wave height (m)
Significant wave height (m)

0 0
105°E 115°E 125°E  135°E  145°E 105°E  115°E 125°E  135°E  145°E
(a) (b)
SN T S 8 45°N[ = ‘ 8
2022.09.18.002 ¢ | N7 2022.09.19. ~+ Al i
. ) L2
35°N 5 9B o pE oo a g X -~ " < 6 35°N . 6

,,,,,,,,,,,,,,,,,,,,

Significant wave height (m)
Significant wave height (m)

0SB 1S 125°E 1S 14
(c) (d)
Figure 3. Significant wave height (SWH) range affected by typhoon wind field; (a—d) stand for

0 o’clock every day from September 16 to 19; the blue “-0” line segment indicates the path of Typhoon
Nanmadol, and the circle indicates the position of the typhoon every 6 h.

0
105°E 115°E  125°E  135°E  145°E

Before examining the impact of wave breaking on upper ocean mixing, it is essential
to ensure that the wave model offers satisfactory performance. The significant wave height
(SWH) derived from the Ku-band inversion of the Jason-3 satellite altimeter is utilized to
further validate the simulations of ocean waves. Figure 4a—d illustrate the four trajectories
surveyed by the observation satellite during Typhoon Nanmadol. We compared the SWH
observed by the satellite with our simulation results and conducted an error analysis.

When compared with the significant wave height (SWH) derived from the satellite
altimeter inversion (Figure 4), the observed wave heights varied between 0.5 and 7 m
during this period. The SWAVE wave model, utilizing the wave age scheme, accurately
replicates both the timing and magnitude of the significant wave heights observed by
the satellite altimeter in orbit (represented by the blue lines in Figure 4). This model can
simulate the strong wave field caused by the typhoon more accurately. The accuracy of
wave height simulation results is measured by comparing the correlation coefficient (COR),
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mean absolute error (M AE), and root mean square error (RMSE). The specific formula is

as follows:

(16)

(17)

(18)

where x; and y;, respectively, represent the simulated value and the measured value
(inversion value); X and ¥, respectively, represent the average value of the two. The
calculated results are shown in Table 1. In general, the simulated value is close to the satellite
altimeter data, the correlation (COR) between the simulated value and the measured value
is 0.85 or more, the overall mean absolute error (M AE) is less than 0.5 m, and the root mean
square error (RMSE) is about 0.5 m. It can be considered that there is a strong similarity
between the simulated SWH and the observed significant wave height, which can better

reflect the wave conditions in the offshore sea under the typhoon.

Cycle313-25

o Jason-3
== SWAVE

0
4°N 10 °N

16°N  22°N

()

28°N  34°

7 Cycle313-75

© Jason-3
= SWAVE

Signiﬁcant wave height (m)

Significant wave height (m)

N

0®
4°N 10°N 16 °N 22 °N 28 °N 34 °N 40 °N 46 °N

(©)
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y .20
1 n
0 o

1
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Figure 4. Comparison of simulated significant wave height (SWH) with satellite altimeter data;
(a—d) represent the four tracks passing through the typhoon area, corresponding to the four colored

lines (a—d) in Figure 1.
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Table 1. Comparison of significant wave height simulation values with satellite data.
Track COR MAE (m) RMSE (m)
a 0.85 0.22 0.50
b 0.91 0.26 0.59
c 0.92 0.12 0.23
d 0.87 0.43 0.64
Average 0.89 0.26 0.49

a—d represent the four satellite orbits.

4.2. Simulation Results of Turbulent Kinetic Energy

In fluid dynamics, turbulent kinetic energy (TKE) represents the mean kinetic energy
per unit mass associated with turbulent vortices. The alteration in TKE over time indicates
the net budget of this energy, serving as a metric for the evolution or decay of turbulence.
Wave breaking modulates the TKE within the mixed layer by augmenting surface energy
and momentum, thereby increasing the mixed layer depth (MLD). This process intensifies
the mixing of heat, momentum, and salinity proximate to the ocean’s surface [5]. To
investigate the variations in sea surface TKE induced by wave breaking, we examined
the magnitude and distribution of sea surface TKE under three distinct sea—air boundary
conditions daily at midnight (September 16 to September 18, UTC). Furthermore, we
studied the direct impact of the wave breaking parameterization scheme on sea surface
TKE (Figure 5).
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Figure 5. The intensity and distribution of turbulent kinetic energy of the sea surface at 0 o’clock
every day, and each row represents three different schemes, respectively; the yellow line indicates the
path the typhoon has passed and its current location.

As observed in Figure 5, the traditional MY-2.5 boundary layer scheme, serving as the
control group, overlooked the presence of waves at the air-sea interface. This omission
resulted in diminished turbulent kinetic energy (TKE) at the sea surface and neglected the
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effects of wave breaking on the upper ocean layers. Both the wave age and wave breaking
parameter Rp schemes induce alterations in the turbulent energy input along the typhoon’s
trajectory. Viewing exclusively from the ocean surface perspective, the sea surface TKE is
significantly influenced by the wind field. The wind speed gradually increases from the
periphery to the center of the typhoon, but in the central area with a diameter of tens of
kilometers, the wind speed rapidly decreases, and the sea surface TKE also follows this
law, and the central position is synchronized with the moving position of the typhoon,
without time delay. This indicates that friction velocity u, significantly influences sea
surface turbulence.

Upon calculating the difference between the sea surface turbulent energy results of
the two experimental groups (subtracting the wave age scheme from the broken wave
parameter Rp scheme) at corresponding times, it is evident that the broken wave parameter
Rp scheme exhibits notably higher sea surface turbulent energy throughout all stages
within the typhoon region. Outside the typhoon’s influence, both schemes yield similar
outcomes. As depicted in Figure 6, the two schemes influence distinct areas in terms of
TKE. The broken wave parameter Rp scheme leads to a more expansive wave breaking
zone on the sea surface. The wave age parameter scheme evaluates the effect of sea surface
wave breaking on TKE based on the maturity level of the wave age (c; /u+). Conversely, the
broken wave parameter is chiefly influenced by the wind and sea Reynolds numbers. Once
the wave breaking parameter Rp surpasses 1000, wave breaking is deemed to occur [21].
Concurrently, it is incorporated into the wave energy dissipation equation through white-
cap coverage. Zhao's findings [21] suggest that the broken wave parameter Rp, serving
as an indicator, offers superior alignment with observed whitecap coverage relative to
alternative wave parameters. This superior performance in modeling whitecap coverage
compensates for the wave age scheme’s limitations in wave breaking regions. Nonetheless,
the implications of turbulence induced by sea surface wave breaking on subsurface waters
necessitate a more detailed analysis.
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Figure 6. Comparison of sea surface turbulent kinetic energy (TKE) simulation results between wave
age scheme and broken wave parameter Rp scheme; the red line indicates the path the typhoon has
passed and its current location.

Besides examining the ocean surface, we also investigated the vertical turbulent
kinetic energy (TKE) within the subsurface. A comparative analysis was conducted on
the annular vertical mean value of the most intense turbulence, approximately 150 km
from the typhoon’s center, across three typhoon intensities, typhoon (33 m/s), strong
typhoon (48 m/s), and super typhoon (62 m/s), as shown in Figure 7. As wind field
intensity increases, so does the penetration depth of TKE, reaching up to 70 m in the
case of a super typhoon (Figure 7f). Upon reviewing the three air-sea boundary schemes,
as depicted in Figure 5a, it is evident that the classical boundary layer scheme exhibits
notably deficient TKE at the sea surface. However, the magnitude beneath the sea surface
aligns with the other two schemes, suggesting that the subsurface ocean current’s intensity,
influenced by the wind field, remains largely consistent across schemes. In the wave age
scheme (Figure 7b,e), the TKE near the sea surface closely matches the values closer to
the surface, failing to clearly demonstrate the impact of wave breaking on the sea surface.
Moreover, the contribution of sea surface TKE does not satisfy the criterion where it should
be more robust than subsurface levels. In the breaking wave parameter Rp scheme, the
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TKE of the sea surface increases sharply and gradually decreases with depth, which is
more consistent with the vertical TKE of wave breaking simulated by Wang [41] under
one-dimensional conditions, and significantly enhances the turbulent energy of the ocean
surface. As observed in Figure 7a,c, the impact depth of TKE induced by the broken wave
parameter Rp scheme (represented by the red line) either extends deeper or exhibits greater
energy at equivalent depths. This phenomenon facilitates the perturbation of cold waters
beneath the mixing layer upwards. Nonetheless, to ascertain the actual magnitude of this
impact, an analysis of the mixing layer’s simulation results is necessary.
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Figure 7. The vertical turbulent energy of the ocean changes with the intensity of Typhoon Nanmadol
(typhoon (33 m/s), strong typhoon (48 m/s), and super typhoon (62 m/s)). The green circle and
straight line in (a—c) represent the TKE selected position and the direction of typhoon movement,
respectively, and the curves in (d—f) represent the results of the three schemes, respectively.

4.3. Sea Surface Temperature Simulation Results

Sea surface temperature (SST), acting as the ocean’s forcing mechanism on the atmo-
sphere, is crucial for the formation, trajectory, and fluctuation in intensity of typhoons.
Conversely, typhoon transits significantly impact the SST in affected marine regions [42,43].
Under the influence of a typhoon’s robust wind stress, the surface water within the ty-
phoon’s oceanic vortex flows centrifugally, generating robust waves. This process induces
seawater divergence and prompts the upwelling of deeper sea waters. Consequently, the
SST in the region experiencing the most pronounced divergence of the typhoon’s oceanic
vortex is notably cooler than in areas with less divergence. Figure 8 illustrates the alter-
ations in sea surface temperature (SST) induced by Typhoon Nanmadol, as well as the
temperature variations surrounding the typhoon’s trajectory.

Under the significant influence of Typhoon Nanmadol, there was a notable decrease in
SST as the typhoon progressed. The SST recorded on 14 September 2022, before Typhoon
Nanmadol formed, was designated as the baseline temperature. Consequently, the variation
in SST is calculated by subtracting the SST of 14 September 2022 from the current SST in
Figure 9a-d. Along the typhoon path, both the experimental and observed sea surface
temperatures responded to the typhoon, with a maximum cooling value of 2.5 °C. It can
be found that the maximum cooling value area is behind the current position of Typhoon
Nanmadol; that is, after Typhoon Nanmadol passed through this sea area, the cooling
amplitude caused by the maximum cooling value area continues to increase. The findings
reveal a pronounced temporal delay in the cooling effects induced by Typhoon Nanmadol
over the Western Pacific, with an approximate lag time of 1 day.
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As concluded in the preceding section, the breaking wave parameter Rp scheme
amplifies the infusion of turbulent kinetic energy (TKE) into the ocean via wave breaking
at the sea surface. This process intensifies oceanic turbulence, upwells cooler water from
lower layers to the surface, and consequently reduces the temperature of both the mixed
layer and the sea surface. We calculated the difference between the minimum SST values
during typhoons as simulated by the two wave breaking schemes (refer to Figure 10). There
is a positive correlation between typhoon intensity and the disparity in SST as depicted
by the two schemes, with the SST variation reaching approximately 0.3 °C at the peak
wind field intensity. The regions experiencing temperature alterations appear as patchy,
suggesting varying impacts of identical wind speeds and wave conditions on the incidence
and magnitude of wave breaking when comparing the wave age scheme with the breaking
wave parameter Rp scheme. We found that although the breaking wave parameter Rp
scheme led to a sharp increase in the TKE of the sea surface (Figure 7d—f), the sea surface
temperature did not decrease dramatically, indicating that the depth of the wave breaking
influence was relatively shallow, and the low-temperature water below the mixing layer
did not stir more into the upper layer, and the mixing effect on the subsurface seawater
was weak.
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Figure 10. Comparison of simulated sea surface temperature between wave age parametric scheme
and broken wave parameter Rp scheme; the purple “-0” line segment indicates the path of Typhoon
Nanmadol, and the circle indicates the position of the typhoon every 6 h.

The grid points in the range of 128-141°E and 20-32°N affected by Nanmadol were
selected for comparison with OISST; both the wave age and broken wave parameter Rp
schemes produced satisfactory simulations of SST (see Figure 11a,b). The correlation
coefficients COR for both schemes reached 0.82, and the root mean square errors RMSE
were about 0.1 degrees Celsius. We posit that wave breaking constitutes just one aspect of
wave influence on the ocean, which explains why the variations introduced by different
schemes are not substantial. The broken wave parameter Rp scheme offers advantages over
the wave age parameterization scheme as it amplifies the TKE at the sea surface, leading to
changes in sea surface temperature of up to 0.3 °C. This enhancement refines the simulation
outcomes for sea surface temperature during typhoon events.

4.4. Mixed Layer Simulation Results

Due to solar radiation heating in seawater, sea surface air cooling, and wind and
wave mixing, the vertical structure of ocean temperature can be divided into three layers:
the mixed layer, thermocline layer, and bottom layer with a weak vertical temperature
gradient [44,45]. Serving as a direct interface with the atmosphere, the mixed layer absorbs
solar radiative energy. Concurrently, turbulent diffusion, induced by the wind field, wave
action, and sea surface air cooling, facilitates vertical heat transfer within the ocean. Conse-
quently, the characteristics of the mixed layer emerge as a crucial indicator for assessing the
upper ocean’s thermal response to typhoons [46]. We define the base of the surface mixed
layer at the depth where the temperature becomes lower by 0.5 °C than that at the ocean
surface [47,48].
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Figure 11. Comparison of sea surface temperature simulation results with OISST observation assimi-
lation results; (a,b) represent the comparison between SST temperature and OISST temperature of
wave age scheme and broken wave parameter scheme in typhoon region respectively.

We selected representative sample points along the path of Typhoon Nanmadol to
illustrate the alterations in vertical ocean temperature stratification throughout the entire
typhoon simulation. The horizontal axis represents time progression, while the vertical
axis indicates ocean depth. The paramount influence of the typhoon on the mixed layer
is characterized by the robust sea surface wind field’s continuous agitation of seawater,
leading to intense turbulence that thoroughly blends the contents of the mixed layer. The
primary dynamic mechanism driving subsurface seawater temperature variations is the
upwelling of deeply cooled seawater, a phenomenon also referred to as cold suction (see
Figure 12a). Consequently, there was an overall temperature reduction of approximately
2 °C in the mixed layer, and the MLD at the sample location expanded by roughly 10 m. The
period of the maximum cooling degree was always behind Typhoon Nanmadol. In other
words, the cooling effect induced by Typhoon Nanmadol in the affected region persisted
and amplified even one day after the typhoon had traversed the sea area. Moreover, the
mixed layer’s recovery from the temperature and depth modifications induced by the
typhoon was not immediate. Influenced by elements like the wind field and surge, the
cooling phenomenon persisted for roughly three days before beginning to dissipate (refer
to Figure 12b).
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Figure 12. Simulation results of mixed layer temperature; (a,b) represent the cold pumping and heat
pump effects of typhoon on the upper ocean, respectively; the dotted yellow line shows the boundary
between the mixed layer and the thermocline.

To more precisely delineate the variations in MLD, we chose Argo floats situated
proximately to the typhoon’s pathway during its passage. We juxtaposed the vertical
temperature simulation findings with the empirical data obtained from these Argo floats
and examined the impact of the wave breaking parameterization schemes on the MLD.
According to Figure 13, the simulation results are relatively close to the Argo floats” obser-
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vation results on the whole, which can well present the change in sea surface temperature,
but there are still problems such as a high sea surface temperature and insufficient depth of
the mixed layer. Contrasted with the wave age scheme, there is a modest decline in mixed
layer temperature ranging between 0.2 and 0.3 °C, accompanied by a diminution in MLD
of 0.2-0.5 m. The breaking wave parameter Rp scheme generates enhanced TKE within the
surface layer. This increased energy facilitates the agitation of deeper, colder waters into
the mixing layer, resulting in an augmented depth of the mixing layer.
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Figure 13. Comparison of vertical temperature simulation results with Argo floats” data; (a-d) denotes
four different Argo float locations.

Thus, preliminary findings suggest that the wave breaking Rp parameterization
scheme outperforms the wave age scheme. Furthermore, the wave breaking parame-
ter more accurately captures the wave breaking dynamics induced by local wind waves.
Meanwhile, TKE is increased in the sea surface, and the ocean mixing caused by it improves
the simulation results of the upper ocean. However, it still underestimated the mixed layer
MLD and overestimated the SST. In contrast, the wave age parameterization scheme has a
smaller range of wave breaking, insufficient input of turbulent energy to the ocean, and
insufficient exchange of heat and organic matter in the mixed layer. Notwithstanding, the
influence of wave breaking on sea surface temperature and the mixed layer is marginal.
Additionally, the effects of other wave-related factors on the ocean during a typhoon should
be taken into account.

5. Conclusions

The simulation of Typhoon Nanmadol in the Western Pacific Ocean was conducted
using the unstructured grid FVCOM-SWAVE coupled wave and current model. To address
the issue of inadequate air-sea mixing in the MY-2.5 turbulent closure model, we examined
the upper ocean temperature’s response to the wave breaking parameterization scheme.
Particular attention was given to the wave breaking energy dissipation parameterization
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scheme that incorporates the breaking wave parameter Rp. Model results were validated
using data derived from the Jason-3 satellite altimeter, merged sea surface temperature
(OISST), and Argo floats. This process also showcased the capability to simulate waves
across extensive regions under extreme wind conditions.

The surface turbulent kinetic energy (TKE) exhibits varying responses to the three
distinct air—sea interface schemes. Within the traditional MY-2.5 model, the air-sea interface,
originally designed for a layered boundary layer adjacent to a rigid surface, inadequately
addresses the upper ocean boundary interfacing with surface waves. Consequently, the
TKE value associated with surface turbulence is notably low, insufficient to catalyze tur-
bulent mixing and facilitate material exchange at the sea surface. Craig and Banner [22]
employed wave age as the primary parameter in calculating TKE magnitudes. However,
their simulation outcomes revealed that the TKE present at the sea surface was inadequate
to thoroughly induce turbulent mixing within the upper ocean layers. Utilizing the breaking
wave parameter Rp introduced by Zhao [21] as the principal parameter yielded the wave
breaking energy dissipation equation. This equation adeptly captures the comprehensive
wave breaking dynamics influenced by locally balanced wind waves. The simulation of
vertical turbulent energy resulting from wave breaking aligns more closely with observed
phenomena, substantially amplifying the turbulence at the ocean’s surface.

The wave breaking parameterization scheme indirectly influences variations in sea
surface and mixed layer temperatures. This enhancement occurs because the breaking
wave parameter Rp scheme amplifies the TKE within the sea surface and mixed layer.
Consequently, both the sea surface temperature and mixed layer temperature remain lower
compared to the wave age scheme, thereby refining the simulation outcomes of the MY-2.5
turbulent closure model. However, wave breaking is only a part of the effect of waves
on the ocean, and the model still has the problems of a higher sea surface temperature
under typhoon forcing and insufficient depth of the mixed layer. To more thoroughly
investigate the wave impact on the ocean during severe marine conditions, it is imperative
to holistically account for factors such as wave radiation stress, Langmuir circulation, and
Stokes drift, among other wave-induced phenomena.

It can be seen from the results that a single wave breaking parameterization scheme
has little effect on the results of SST, but SST plays an important role in the process of
air-sea interaction, which largely controls the sensible heat and latent heat fluxes. These
processes affect the dynamic circulation of the ocean and atmosphere. SST is also a very
important term for tropical cyclone forecasting because it controls the transport of energy
between the ocean and the atmosphere. It can influence the intensity and track of tropical
cyclones [49]. Both in climate models and in weather forecasting models, it is necessary to
consider the impact of wave breaking on upper ocean mixing to improve SST simulations.

The results indicate that while enhancements in the wave breaking parameterization
scheme have a minimal impact on sea surface temperature (55T) outcomes, SST significantly
influences air-sea interaction processes. This influence primarily regulates the fluxes of
sensible heat and latent heat. Such processes modulate the dynamic circulation patterns
within both the ocean and the atmosphere. Moreover, SST serves as a crucial variable in
tropical cyclone forecasting, given its regulatory function in energy transfer between the
ocean and the atmosphere. This regulatory function can directly impact the intensity and
trajectory of tropical cyclones [49]. Consequently, in both climate models and weather
forecasting models, accounting for the effects of wave breaking on upper ocean mixing is
essential to refine SST simulations.
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