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Abstract: It has been identified that there are several limitations in the Mellor-Yamada (MY)
turbulence model applied to the atmospheric mixed layer, and Nakanishi and Niino proposed
an improved MY model using a database for large-eddy simulations. The improved MY model
(Mellor-Yamada—-Nakanishi-Niino model; MYNN model) is popular in atmospheric applications;
however, it is rarely used in oceanic applications. In this study, the MY model and the MYNN model
are compared to identify the efficiency of the MYNN model incorporated into an ocean general
circulation model. To investigate the impact of the improved MY model on the vertical mixing in the
oceanic boundary layer, the response of the East/Japan Sea to Typhoon Maemi in 2003 was simulated.
After the typhoon event, the sea surface temperature obtained from the MYNN model showed
better agreement with the satellite measurements than those obtained from the MY model. The MY
model produced an extremely shallow mixed layer, and consequently, the surface temperatures were
excessively warm. Furthermore, the near-inertial component of the velocity simulated using the
MY model was larger than that simulated using the MYNN model at the surface layer. However,
in the MYNN model, the near-inertial waves became larger than those simulated by the MY model
at all depths except the surface layer. Comparatively, the MYNN model showed enhanced vertical
propagation of the near-inertial activity from the mixed layer into the deep ocean, which results in a
temperature decrease at the sea surface and a deepening of the mixed layer.

Keywords: turbulent mixing; improved Mellor-Yamada turbulence model; ocean boundary
layer; typhoon

1. Introduction

Turbulence in the oceanic boundary layer (OBL) is of paramount importance because it vertically
transports heat and momentum. Consequently, oceanic vertical mixing due to turbulence plays
an essential role in ocean dynamics. In particular, it creates a homogeneous ocean layer (i.e., mixed layer)
that interacts directly with the atmosphere. As a key parameter controlling atmosphere—ocean
interactions across the air-sea interface, vertical mixing in upper ocean plays a critical role in regulating
the sea surface temperature (SST). The air—sea interaction through the SST significantly influences
many atmospheric and oceanic phenomena by determining the momentum and enthalpy exchange
between the atmosphere and the ocean [1-4]. In particular, it plays a vital role in the occurrence and
development of severe weather events originating from the ocean, such as tropical cyclones (TCs) [5].
SST has long been considered one of the governing factors in tropical storm intensity; high SSTs are
well known to provide favorable conditions that intensify TCs and vice versa [6,7]. Furthermore, it is
widely known that TC-induced strong surface winds cause intense turbulent mixing in the upper ocean
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layer. The resonant inertial oscillation responses of the upper ocean to TC-related strong surface winds
make vertical shear at the base of the OBL intense, and consequently to amplified inertial motions
that drive turbulent mixing in the thermocline and interior ocean [8]. The near-inertial energy can be
transferred to the deep ocean [9-12]. Vincent et al. [13] discussed the ocean response to TC transits by
investigating the integrated impact of TCs on the seasonal ocean thermal structure and heat transport.
They found that the climatological ocean state is closely influenced by TC wind-driven surface heat
fluxes, TC-induced oceanic vertical mixing, and advective processes.

Therefore, oceanic vertical mixing must be correctly estimated. However, vertical mixing usually
cannot be explicitly represented in the ocean general circulation model (OGCM) because of the
small-scale turbulent processes involved. Therefore, it has to be parameterized; that is, the effects of the
turbulent phenomena are to be expressed using synoptic state variables. A number of high-order turbulence
closure models have been developed since the 1970s. Among these models, the Mellor-Yamada (MY)
model [14-17] has been commonly used to model experiments and operational numerical predictions.
One of the reasons for preferring the MY model is that although a minimum number of closure
constants is used in the MY model, it acceptably reproduces the measured non-dimensional universal
functions in the surface layer [18]. Furthermore, the MY model has a relatively low computational
cost; consequently, it is popular in both operational weather forecasts and research models [19,20].
The MY model has been widely used in geophysical applications such as modeling the atmospheric
and oceanic boundary layers [21,22]. However, several deficiencies have been highlighted regarding
the MY model. These include certain limitations in the MY model that have been identified by many
researchers regarding the atmospheric mixed layer, slowly growing a convective boundary layer [23],
and rapidly decaying turbulence in a stable nocturnal boundary layer [24].

Several authors have attempted to address the problems in the MY model, suggesting a variety of
alternatives for the coefficient values and functional representations [25-29]. Among them, Nakanishi
and Niino [30] recently proposed an improved MY model using a database for large-eddy simulations
(LESs). The improvements to the model include (1) a newly designed formula for the turbulent
length scale (TLS) realistically increasing with a decrease in stability, (2) parameterization of the
pressure covariances, and (3) expression of stability functions for 3rd-order turbulent fluxes [30,31].
Consequently, the model improved several limitations in the MY model, for example, the insufficient
growth of the convective boundary layer, and underestimated turbulent kinetic energy (TKE) and the
TLS. This improved MY model by Nakanishi and Niino (Mellor—-Yamada—Nakanishi-Niino model;
MYNN model) has been observed to provide good performance [30] and has been incorporated into
atmospheric general circulation models, such as an operational weather prediction model at the Japan
Meteorological Agency [32,33], MIROC (Model for Interdisciplinary Research On Climate) at the
Frontier Research Center for Global Change [34], and WRF (Weather Research and Forecasting).

The MYNN model has proven to be popular in atmospheric applications. On the other hand,
it has rarely been used in oceanic applications, except in a number of numerical experiments. Using
a LES, Furuichi et al. [35] and Furuich and Hibiya [36] assessed the turbulence closure models in the
OBL using a LES and compared this with the results of the boundary layer models. In addition, a study
using the MYNN model for typhoon-induced ocean response was conducted by Suzuki et al. [37]
and Shibano et al. [38]. However, an idealized experiment was used in their studies. Furthermore,
Kanada et al. [39] carried out realistic simulations for the response of the oceans to typhoons and the
feedback to typhoons using an atmosphere—ocean coupling model that consists of an ocean model
with the MYNN model, but they focus on the typhoon responses to the SST simulated in the coupled
model system.

In this study, to compare and assess oceanic responses for two mixed-layer parameterizations,
we applied the improved MY model to an oceanic scenario and investigated the influence of the MYNN
model for the oceanic mixed layer on TC-induced vertical mixing. Accordingly, each of the level 2.5
version of the MY and the level 2.5 version of the MYNN were incorporated into an ocean general
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circulation model, and subsequently, the ocean response to the TC-induced vertical mixing simulated
by each parameterization was systematically compared.

2. Vertical Mixing Processes

The vertical turbulent fluxes in the equation for the large-scale physical quantity can be
parameterized as follows:

ou

—(uw) = KMgr 1)
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—(vw) = KMgl ()
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where U and V are the zonal and meridional mean velocities, ©® is the mean potential temperature,
and u, v, w, and O are the fluctuation components of the velocity and temperature, respectively.
The mathematical relationship shows the aforementioned assumption that the turbulent fluxes are
proportional to the gradient of the large-scale values. Ultimately, solving the mixed layer model
provides the momentum and heat-flux coefficients, Kys and Kp, respectively.

In the turbulence closure models, the vertical eddy viscosity Kys and diffusivity Ky are estimated
as follows:

Kp = 1gSpm, 4)
Ky = 19SH, 5)

where g is the turbulent velocity, I is the TLS, and Sy and Sg are the stability functions.
The stability functions are derived algebraically using the simultaneous equation for Sy and Sy.
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where N is the buoyancy frequency.

Using Sy and Sy, Ky and Ky are obtained by determining g and /. The level 2.5 model is composed
of the time-evolving equation for the TKE and the algebraic equation for the other second-moment
turbulent quantities. The time-evolution equation for the TKE is given by the following equation:
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where Ps(= qlSM{(%J) + (%—‘Z/) }) and Py (= qISyN?) are the shear and buoyancy production of the
TKE, respectively. S; is another stability function and energy dissipation term where the length scale

(A1 = B1l, where B is the closure constant) is given as follows:

3
q
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Here, we briefly introduce some distinctions of the MYNN model because the MY model has
already been described in the published literature (e.g., [15,16,40,41]). There are three main deficiencies
in the second-order closure models, which have been identified in the previous study [42]; (1) neglected

buoyancy effects for the pressure covariances, (2) uncertainty expressed for a length scale, and (3)
down-gradient-diffusion assumption for the turbulent transport.
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Nakanishi and Niino [30] attempted to improve two MY model deficiencies based on data
constructed using LES. For the first MY model deficiency, they added parameterization of the buoyancy
effects for the pressure covariances to the MY model as follows:

b (u o B g o ou;
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where 6;; is Kronecker’s delta, which is unity for i = j and zero for i # j. Aj, Ay, and C; — Cs are
closure constants. The terms with Cy, C4, and Cs represent the effect of shear, and those with C, and C3
represent the effect of buoyance.

The essence of the MY model is simple empirical constants that are determined from the
experimental data for neutral stratification. However, this simplistic parameterization for the closure
formation of the pressure-velocity and pressure-temperature correlations in the second moments
equations is a limitation of the MY model where certain oversimplifications of the parameters can lead
to less accurate results. Namely, the above terms with C; — Cs are neglected in the MY model: Mellor
and Yamada [15] employ the empirical constants as

(A1, Ay, B1,By,C1) = (0.92,0.74,16.6,10.1,0.08),

(12)
(C2/ C3/ C4/ C5) - (0/ O/ O/ 0)/

Nakanishi and Niino [30] revise the parameterization of the pressure covariances from the MY
model. Moreover, they suggest an effective estimation for the level 3 model and the closure constants
based on the LES results as follows:

(A1, Az, By, By, Cr) = (1.18,0.665,24.0,15.0,0.137),

(13)
(Ca, C3,Cy, Cs5) = (0.75,0.352,0,0.2).

For the second MY model deficiency, that is, the uncertainty expression for the master length scale
I, they introduced a new diagnostic equation for [ on the basis of the LES as follows:

1 1 1)\t
l_(L_s+E+E) , (14)
where
kz/3.7 , 021
Ly ={kz(1+270)" ,0<C<1 (15)

kz(1-1000)*%  ,C<0

is the length scale in the surface layer with C (=z/Ly) being the dimensionless height Ly,
the Monin—-Obukhov length.

f_o b qzdz
f_ D qdz

Ly = 0.23 (16)
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is the length scale dependent on the depth of the boundary layer.

q/N ,N?>0&(>0
Lp = [145(g./LeN)*|q/N , N2> 0& L <0 (17)
00 N2 <0

is related to the buoyancy length scale with g.(= (BLT)l/ 3) being a velocity scale, and B being the
buoyancy flux (m?/s73).

The new equation allows in the surface layer to vary with stability and provides values for the
upper part of the convective boundary layer with little underestimation.

3. Methodology

For the numerical simulation, we used the Research Institute for Applied Mechanics (RIAM)
Ocean Model (RIAMOM; Lee [43]) developed at the Kyushu University, Japan. RIAMOM is a
three-dimensional, z-coordinate, and primitive equation OGCM that assumes hydrostatic balance with
the Boussinesq approximation. The model covers the entire East/Japan Sea (E]S) from longitude 126.5°
E to 142.5° E and latitude 33° N to 52° N with 1/12° in horizontal resolution and 36 vertical levels
(Figure 1). The bottom topography was extracted from a combination of two topographic datasets,
ETOPO5 and SKKU [44]. Further details and validation of the RIAMOM used in this study can be
found in Kim and Yoon [45].

East/Japan Sea -~
Bathymetry -~

C. 1. = 500 m

1307 135° 140°

Figure 1. Study area and bathymetry (m). The contour interval is 500 m. KTS: Korea/Tsushima Strait,
TS: Tsugaru Strait, SS: Soya Strait, TTS: Tatar Strait, UB: Ulleung Basin, YB: Yamato Basin, JB: Japan
Basin, YR: Yamato Rise, EKB: East Korean Bay, NP: Noto Peninsula. The solid blue line along the 133°
E line is for the vertical section and the red star denotes the position of the site used for the analysis
related to the near-inertial motions.



J. Mar. Sci. Eng. 2020, 8, 497 6 of 15

The largest changes of the momentum budget in the OBL are caused by strong storms on a synoptic
scale. TC-induced vertical mixing is responsible for significantly altering the thermal conditions
in the ocean. The direction of the wind stress due to the storms can vary rapidly and force ocean
currents that have a strong inertial oscillation. To investigate the impact of the improved MY model on
TC-induced vertical mixing, the response of the boundary layer in the EJS to Super Typhoon Maemi in
September 2003 was simulated. Typhoon Maemi was one of the strongest typhoons to ever hit the
Korean Peninsula. The one-minute sustained wind speed reached approximately 280 km/h. It went
through the center of the EJS, maintaining its strength (Figure 2). The reasons for maintaining much of
its intensity were the warmer-than-usual SST of about 1.5-2 °C in the western Pacific Ocean and the
fast moving speed.

0314 MAEMI 2003090400 - 2003091600

CYCLONE

TROPICAL DEPRESSION
(SEVERE) TROPICAL STORM
TYPHOON

60|

@000

I >15m/s
>25m/s

50

. TRC
120 130 140 150 160

Figure 2. Best tracks of the Super Typhoon Maemi in September 2003 obtained from the Typhoon
Research Center, Korea [46] (17 May 2020). The red star denotes the position of the site used for the
analysis related to the near-inertial motions in Figures 7-9.
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To examine the performance of the improved MY model for the OBL, we incorporated each
vertical mixing parameterization into the RIAMOM and performed two numerical experiments on
the sensitivity of the OBL to the vertical mixing parameterization using the MY and MYNN models,
respectively. Numerical simulations were constructed to compare the response of the OBL to each
turbulence model. Hourly wind stress data and the daily mean surface heat flux obtained from the
Japan Meteorological Agency-Meso-Scale Model (JMA-MSM) with a resolution of 10 km [47] were used
to compute the surface boundary conditions for the surface forcing. The open boundary conditions
for the temperature and salinity in the inflow region were obtained from the operational version
of RIAMOM [48]. The barotropic velocity through the Korea/Tsushima Strait was determined by
the volume transport estimated from the long-term current observation data obtained from acoustic
Doppler current profiler (ADCP) observations [49]. The daily mean results of the RIAMOM assimilation
model [50] from the end of August 2003 were used for the initial conditions, and each run was integrated
for 30 days from September 1 to 30.

4. Results

4.1. Response of the Upper Ocean Temperature

Figure 2 displays the pathway of Typhoon Maemi (2003). Typhoon Maemi tracked northwestward
over Guam, turned North-Northeast towards the Korean peninsula on September 11, and it made
landfall on the Korean peninsula on September 12. Subsequently, typhoon Maemi moved into the
EJS and became extratropical and by September 15, the remnants were tracked over the Kamchatka
Peninsula. The impact of the MYNN model on the TC-induced vertical mixing in the OBL was
examined by comparing the results obtained by each turbulence model before and after Typhoon
Maemi passed through the EJS.

A comparison of the observed and simulated SST before and after the typhoon had passed is
shown in Figure 3. Before the typhoon passed over the EJS, the SST simulated using the two turbulence
models showed a similar distribution to the observed data. However, there was a remarkable difference
between the two parameterizations after the typhoon passed, particularly for the central part of the EJS
and along the Japanese coast, indicated by a 22 °C isotherm. The SST simulated by the MY model was
not sufficiently cooled by the typhoon compared to the observed data. Before the typhoon passed,
the scatter diagram between the satellite-based SST data and the data simulated using the two vertical
mixing parameterizations showed a good correlation, although the two mixing schemes typically
yielded somewhat higher SSTs than the observed data (Figure 4a). However, after the typhoon passed,
the difference between the observed and simulated SST in the MY model increased compared to the
MYNN model (Figure 4b).

Figure 5 compares the vertical distribution of the daily mean temperature and zonal velocity along
133° E calculated using the two turbulence models before and after the typhoon passed. Before the
typhoon event, the general distributions of the SST and zonal velocity in the two simulations were
similar, although the MY model yielded a slightly shallower mixed layer and, consequently, a slightly
warmer temperature in the upper ocean. However, a significant difference was visible after the typhoon
event. The temperature obtained using the MYNN model was colder than that obtained using the MY
model. The upper layer simulated by the MYNN model was well mixed vertically compared to the
MY model, indicated by the southward movement of the 22.5 °C isotherm in the upper layer and a
rising up the 10 °C isotherm at 100 m depth. A comparison of the mixed layer depth calculated using
the two parameterizations showed that the mixed layer simulated by the MY model was not deeper
after the impact. Alternatively, the MYNN model simulations showed a deepening along the typhoon
track, indicating a response to the typhoon (Figure 6).
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Figure 3. Sea surface temperature horizontal distributions obtained from (a,d) Optimum Interpolation
Sea Surface Temperature (OISST) and simulated using (b,e) Mellor—-Yamada (MY) model and (c,f)
Mellor—Yamada—Nakanishi-Niino (MYNN) model before (top row) and after (bottom row) Typhoon

Maemi. The thick contour line in each panel indicates a 22 °C isotherm. The contour interval is 1 °C.
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Figure 4. Scatter diagram between the sea surface temperatures (SSTs) south of 40° N obtained
from satellite data and simulated using the Mellor-Yamada (MY) (red dots and line) and the
Mellor-Yamada—Nakanishi-Niino (MYNN) (blue dots and line) models (a) before and (b) after

Typhoon Maemi. (RMSE, root mean square error).
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U (ms)&T(C) 133°E 16 SEP 2003

MYNN
Depth(m)

100

Latitude

Figure 5. Vertical distribution of the temperature (contours) and zonal velocity (color-shaded) values
calculated using the Mellor-Yamada (MY) (top row) and the Mellor—Yamada—Nakanishi-Niino (MYNN)
(bottom row) models (a) before and (b) after Typhoon Maemi along the 133° E line (indicated by the
solid blue line in Figure 1). The red arrow indicates the southward movement of the 22.5 °C isotherm in
the upper layer and the blue arrow displays a rising of the 10 °C isotherm to a depth of 100 m. The solid
contour line interval indicates 1 °C, and the dashed contour line interval indicates 0.5 °C.

RIAM Ocean Model 1/12 with MY82 RIAM Ocean Model 1/12 with MYNN

Mixed Layer Depth Mixed Layer Depth

50" 50"
f e - — f — - ———— }
0 50 100 150 200 250 300 0 50 100 150 200 250 300
y |
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MY MYNN o
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y

{

&

140" a0 135 140

35"

C.L=20m C.L =20m

(@) (b)

Figure 6. Horizontal distributions of the mixed layer depth calculated using (a) the Mellor-Yamada
(MY) and (b) the Mellor-Yamada—Nakanishi-Niino (MYNN) models on September 15, 2003. The solid
purple lines with yellow circles show the track of Typhoon Maemi. The contour interval is 20 m.
The bottom of the surface mixed layer is defined at the depth where the potential temperature becomes
lower than that at the sea surface by 0.5 °C.
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4.2. Enhancement of the Vertical Mixing

The temperature response in the upper layer to TCs is known to be largely the result of enhanced
mixing associated with the near-inertial response to TC-related winds. TCs induce an energetic current
with a strong inertial oscillation due to strong wind and wind vector rotation [51,52]. In addition,
it is well known that there are significant near-inertial actions in the deep waters of the EJS [53].
Therefore, we need to better diagnose the vertical mixing induced by the near-inertial response in this
region. Near-inertial internal waves triggered by TCs play an important role that drives turbulent
mixing in the thermocline and ocean interior. A comparison of the near-inertial oscillations simulated
by each turbulence model is shown in Figure 7. The figure shows the rotary spectra of the current
velocity simulated by the MY and the MYNN model at depths of 29 and 1000 m at 133°40.7" E,
38°40.0" N (denoted by the red star in Figures 1 and 2). The rotary spectra calculated from both
simulations showed that the near-inertial peak in the clockwise components is prominent at all depths,
indicating that the peak frequency of the motion is slightly larger than the local inertial frequency;, f.
Interestingly, the super-inertial peak at around 2f can be clearly observed in the result obtained using
the MYNN model. These peaks at around 2 f have also been reported by Mori et al. [53], who found a
general description of the near-inertial oscillations in the EJS by analyzing the observed current data.
In addition, Niwa and Hibiya [54] reported that the double-inertial frequency waves emerged in the
deep ocean interior at mid-latitudes. The existence of super-inertial waves is important because this
super-inertial wave observed at around 2f is believed to play a significant role in transferring energy
to the internal wave field in the deep ocean and intensifies diapycnal mixing [54,55].

(@) ce-0029m Period(hr) (b) ce-1000m Period(hn)
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= — Clockwise = —— Clockwise
8 10' 5 —— Anticlockwise g 10 o —— Anticlockwise
T T ]
E 3
4 B ]
> >
z 8w J
% %I? -«
Bl N
102 o . . M 102 J A A ™M
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Figure 7. Rotary spectra of the current velocity simulated using the Mellor-Yamada (MY) (top row)
and the Mellor-Yamada—Nakanishi-Niino (MYNN) (bottom row) models at depths of (a) 29 and (b)
1000 m at a point of 133°40.7” E, 38°40.0" N (denoted by the red star in Figures 1 and 2).

TC-induced winds generate intense kinetic energy in the upper ocean. The TC-generated kinetic
energy is mostly consumed by vertical mixing between the surface warm water and the thermocline [56],
but some of the kinetic energy input radiates into the ocean interior in the form of near-inertial internal
waves [57]. The time evolutions of the band-pass filtered velocity and the near-inertial kinetic energy
obtained using both simulations are shown in Figures 8 and 9, respectively. The cutoff of the band-pass
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filter is + 1.75 h from the inertial period at the site. The near-inertial component of the velocity at
the surface layer obtained using the MY model was stronger than that obtained using the MYNN
model. However, the MYNN simulated a stronger increase in the near-inertial currents at all depths
except the surface. In the MYNN model, the depth of the mixed layer is thicker and the horizontal
convergence in the layer increases with the depth of the mixed layer, and the lead-direct current
becomes stronger. During both simulations, as the typhoon approaches, the near-inertial kinetic energy
begins to increase in the upper layer from 8 September and then rises strongly after the typhoon
impact from September 12. However, the pattern of increase in the near-inertial kinetic energy differs
between the two simulations. The near-inertial kinetic energy simulated in the MYNN model increased
dramatically at all depths when the typhoon reached the site (13 September).
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Figure 8. Time evolutions of the band-pass-filtered velocity simulated by the Mellor—Yamada (MY)
(solid red line) and the Mellor—Yamada-Nakanishi-Niino (MYNN) (solid blue line) models at depths
of (a) 9, (b) 29, (c) 43, and (d) 1000 m at a point of 133°40.7” E, 38°40.0’ N (denoted by the red star in
Figures 1 and 2). The top row in each panel is the meridional velocity, and the bottom row in each
panel is the zonal velocity.

The near-inertial waves cause strong shear across the thermocline and produces mixing, which
results in a deepening of the mixed layer and downward transport of heat. According to the results of
this study, the MYNN model showed enhanced vertical propagation of the near-inertial activity from
the mixed layer into the deeper ocean.
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Figure 9. Time evolutions of the near-inertial kinetic energy simulated using (a) the Mellor-Yamada
(MY) and (b) the Mellor—Yamada-Nakanishi-Niino (MYNN) models at several depths at a point of
133°40.7" E, 38°40.0" N. The top row in each panel is the upper layer (<200 m depth), and the bottom
row in each panel is the lower layer (>500 m depth).

5. Summary and Discussion

Even though the MY model has been widely used in numerical experiments as well as operational
numerical predictions, certain limitations in the model related to the atmospheric mixed layer have
been identified by several studies. The two probable sources are the simplistic parameterization in the
original MY closure formulation of the pressure correlations that appear in the equations for the second
moments and the uncertain expression used for the length scale. The MYNN model has improved a
number of limitations of the MY model by reflecting the buoyancy effects for the pressure covariances
and by using a new diagnostic equation for [. It is worth noting that the closure constants and the
diagnostic equation for TLS estimated by the MYNN are based on atmospheric LES results and they are
employed for the OBL without any changes. However, previous studies with the MYNN, as mentioned
in the Introduction, demonstrated that using original model parameters from the atmospheric MYNN
also performs better than the MY in reproducing the vertical structure of the OBL. Nevertheless, it is
necessary to reevaluate their applicability to the OBL.

In this study, we applied the improved MY model to an oceanic scenario and investigated the
impact of the MYNN model for the oceanic mixed layer on TC-induced vertical mixing. To examine
the improved MY model performance for the OBL, we incorporated the MY and MYNN models into
the OGCM and performed two numerical experiments on the sensitivity of the OBL to the vertical
mixing parameterization. Because TC-induced vertical mixing due to TC activity is responsible for
significant alteration of the thermal conditions in the ocean, numerical simulations were constructed to
compare the response of the OBL to each turbulence model caused by Typhoon Maemi (2003).

The SST simulated from the improved MY model agreed well with the observed data; such an
agreement was not obtained from the original MY model. The MY model produced an extremely shallow
mixed layer, and consequently, temperatures in the upper layer were excessively warm. This implies
that the momentum and heat remaining at the surface layer can be transported downwards with the
improved MY model. It is thought to be due to the revision of the Lg value to include the contributions
of the stability at the surface layer, so that the Lg is larger above the unstable surface layer and smaller
above the stable layer. Furthermore, a remarkable difference between the two models was found
related to the inertial waves that are a substantial part of the ocean response to TCs. The rotary spectra
calculated from both simulations showed that the near-inertial peak in the clockwise components was
prominent at all depths. However, a super-inertial wave with a frequency of 2f, playing a significant
role in transferring energy to the internal wave field in the deep ocean and intensifying diapycnal
mixing, is clearly seen in the MYNN model. In the MY model, the near-inertial component of the
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velocity at the surface layer was stronger than that in the MYNN model. However, the MYNN
simulated a stronger increase in the near-inertial currents at all depths except the surface. Furthermore,
the near-inertial kinetic energy simulated in the MYNN increased dramatically at all depths when the
typhoon arrived. Our results imply that the MYNN model can effectively produce the evolution of
turbulence associated with the enhancement of TC-induced vertical mixing due to the new formulation
of the TLS and the new expression for the stability functions, as well as the new closure constants.

In this study, we focus on TC-induced vertical mixing during a storm to investigate the impact of
the improved MY model on oceanic vertical mixing because the largest changes in the OBL momentum
budget and thermal conditions in the ocean are caused by strong synoptic scale storms. However,
another issue in the MY model is mostly insufficient mixing during summer when wind is weak and
stratification is strong [40,58]. Although not investigated in this study, to see how the MYNN model
performs with the seasonal cycle is an interesting subject for future research.
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